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ABSTRACT

Despite the design freedom that additive manufacturing (AM) processes provide,
there are still challenges in using some AM processes for end-use products. Fused
filament fabrication (FFF), also known as material extrusion, is one of the AM
technologies that has been used mainly for prototyping due to the low cost of machines,
raw material, and ease of operation. Another advantage of FFF is its ease of integration
with other additive or subtractive technologies. However, some disadvantages such as

v

relatively poor and anisotropic mechanical properties have hindered FFF for end-use
engineering components.
The first chapter of this dissertation is a brief review of AM technologies, market
trends, motivations for this research, and an overview of all chapters. The second chapter
covers design concepts and design for additive manufacturing (DfAM), focusing mainly
on polymers and polymer composites. The third chapter examines a core-shell filament
for multi-material printing and enhanced interface bonding. Chapter 4 investigates the
effects of over-extrusion and build orientations on tensile properties of FFF parts via
experiments and modeling. In chapter 5, the impact of build orientation on the fracture
toughness of FFF parts is examined experimentally. Chapter 6 provides a demonstration
of combining an FFF (additive) process with traditional machining (subtractive) and
extrusion-based direct witting of conductive inks for multi-functional structures. Finally,
chapter 7 summarizes main findings of this dissertation and proposes topics for future
studies.
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Introduction (AM Market Trend, Motivation, and
Overview)

Motivation
In 2019, the global market for additive manufacturing (AM) technologies,
including materials, services, software, and equipment, was $12B, an increase in sales of
approximately 20% over the previous year. By 2024, sales are forecasted to be
approximately $35B. Compared with the global manufacturing sector’s annual sales,
which was around $12T in 2019, AM still has a small market share; however, annual
growth of AM has increased over recent years [1]. Figure 1 shows AM market growth
from 2014 to 2020. This significant acceleration can be attributed to AM processes being
used for end-user products and tooling rather than only rapid prototypes.

AM Market growth (Billions of $)
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Figure 1. Additive manufacturing market growth 2014–2020, adapted from ref.
[1]

Another recent AM market study projected that AM technologies will be the
default manufacturing process in the future [2]. Their study forecasted that the AM
market will reach $51B by 2030. In other words, sales of AM fabricated parts will
experience a 15% annual growth rate (i.e., from approximately $12B in 2020 to
1

approximately $51B in 2030). Figure 2 shows the main contributors to the AM market
including prototyping, mold and tooling, and end-use parts. By the end of the current
decade (i.e., by 2030), mold, tooling, and end-use parts are predicted to gain major shares
of AM market.

Figure 2. AM market trend, 2015-2030, in terms of product type, used with
permission from Lux Research Inc. [2]

Figure 3 shows the AM market trend from 2015 to 2030, in term of service types.
By 2030 top investments will be on AM part services followed by investments in AM
materials.

2

Figure 3. AM market trend, 2015-2030, in terms of service type, used with
permission from Lux Research Inc. [2]

Numerous AM technologies – also known as 3D printing, additive fabrication,
additive process, layer manufacturing, and freeform fabrication – have been developed in
recent decades. Direct metal laser sintering (DMLS), selective laser sintering (SLS), and
fused filament fabrication (FFF) are the most used AM technologies and are likely to
remain in that position for the next few years [2]. FFF process contributes to
approximately 20% of the AM market [3]. Market surveys by leading companies such as
Allied Market Demand, IDTechEx, and MarketsandMarkets agree that the global AM
market is on the edge of significant growth (at least triple) in the third decade of the 21st
century [4].
In 1989, a team at Stratasys led by Scott Crump, developed the fused deposition
modeling (FDM™) process [5]. Currently, this process, also known as FFF process, is
considered a common AM process not only for educational purposes but also for
fabrication of engineering parts in different industrial fields. The FFF process, or material
extrusion, has been widely used for prototyping, however, owing to its cost-effective
equipment and ease of manufacturing and operation, it is also highly desirable for end-
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use products in the aerospace, healthcare, and automotive sectors. The adoption of FFF
for composites AM is another key acceleration for FFF’s market penetration. Another
advantage of FFF is the lower relative energy consumption compared to other AM
technologies (e.g., power bed fusion, directed energy deposition, sheet lamination, and
vat photopolymerization) [6]. Figure 4 compares the AM processes in terms of energy
usage, print speed, and print resolution.

Figure 4. Comparison between energy consumption, print speed, and print
resolutions for AM processes [6] BJ: Binder Jetting; DED: directed energy deposition;
ME: Material extrusion; MJ: Material jetting; PBF: Power bed fusion; SL: Sheet
lamination; VP: vat photopolymerization

Despite all its flexibilities and benefits, FFF suffers from some limitations, such as
relatively low build direction strength and mechanical anisotropy, dimensional accuracy,
surface quality, and production speed. This dissertation focuses on understanding and
improving mechanical properties of FFF parts through a cost-effective and simple
approach. With an optimized FFF process, fabricated parts can be used for end-use
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applications as well as building multi-functional structures in conjunction with the other
AM processes.
Dissertation Overview

This dissertation aims to address: i) the anisotropy issue in FFF acrylonitrilebutadiene-styrene (ABS), as a benchmark polymer, ii) understand fracture toughness, as a
key design property in FFF, and iii) multi-material additive/subtractive manufacturing of
dissimilar polymers and polymers/conductive metal pastes. To this end, the first section
of chapter 1 provides a big picture of AM market trends. Chapter 2 briefly outlines design
considerations in AM technologies in general and the FFF process specifically. In chapter
3, multi-material filaments for FFF are proposed and studied in detail. As such, the
application of core-shell filaments and their post-process annealing is examined. This
chapter also reviews a combination of pre- and post-process modifications to enhance
FFF parts’ performance. AM of isotropic parts using low-cost 3D printers is discussed in
chapter 4. In particular, the effects of extrusion multiplier on mechanical isotropy in FFF
ABS polymers are investigated via experiments and finite element analysis (FEA).
Chapter 5 complements chapter 4 by examining mode I fracture toughness of ABS FFF
parts. In chapter 6, performance of silver conductive ink printed on a polyether ether
ketone (PEEK) substrates examined. This chapter demonstrates the use of a multimaterial additive/subtractive platform for incorporating a conductive ink (silver) and a
high temperature polymer (PEEK).
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Design for Additive Manufacturing (AM) of Polymeric Parts

Abstract: Any AM process has its own advantages, limitations, and design requirements.
Production of high-quality and reliable parts using AM depends on proper
implementation of the design and modeling stages. In general, AM processes design
requirements are significantly different from those of the subtractive and traditional
manufacturing (non-AM) processes. For example, from the perspective of design for
additive manufacturability, some 3D printing processes require the use of support
structures when forming overhangs. On the other hand, from the performance point of
view, weaker interfaces between the layers and the presence of voids in AM components
require performance evaluation. Fracture, impact, tensile, and fatigue testing, minimum
allowable thickness, maximum allowable dimensions, warping, bridging distance, surface
roughness, and features resolutions are among main performance parameters that are
considered in the design and modeling of AM parts. In this chapter, design requirements
for AM processes in general and for FFF specifically, will be discussed from both design
guidelines and benchmark perspectives.

Introduction

AM technologies, also known as rapid prototyping, solid freeform fabrication,
direct digital manufacturing, layer manufacturing, additive layer manufacturing, threedimensional printing, or simply 3D printing, were originally reported in the late 1980s
[7]. AM technologies enable designers with a great deal of flexibility and freedom in
design to generate geometrically complex structures and multifunctional components.
This freedom in design is beneficial in creating lightweight structures for aerospace
applications, lattice structures for medical device applications, and decreasing the number
of assembly steps in production lines [8]. ASTM International (formerly known as the
American Society for Testing and Materials), has categorized AM technologies into
seven main categories (ASTM F2792). These processes are 1vat photopolymerization,
6
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powder bed fusion, 3directed energy deposition, 4sheet lamination, 5material jetting,
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binder jetting, and 7material extrusion. Of these categories, material extrusion (FFF),

material jetting (the polyJet process), powder bed fusion (selective laser sintering [SLS]),
and vat photopolymerization (stereolithography [SLA]) are widely used for polymers and
polymeric components [9]. AM process optimization and material development have
been increasingly investigated over the last three decades, but there is still a notable lack
of knowledge for the design for additive manufacturing (DfAM) [10]. This obvious
downside mainly stems from the great diversity of processes under AM technology
umbrella [11].

Design concepts in additive manufacturing

Developing appropriate DfAM protocols is critical to reduce the design process
iterations and to fully utilize the design freedom of AM processes. These design
guidelines enable designers to select optimum manufacturing processes for any specific
part [9]. Design guidelines for manufacturing and assemblies are widely available for
non-AM processes such as the injection molding process [12]. There has been an interest
in developing similar design guidelines for emerging AM processes. Whereas some
studies have focused on developing design protocols for a specific AM process [8], other
studies have implemented more general guidelines to cover more than one AM process
that can be utilized process-independently [13].
Mahesh et al. [14] proposed a geometrical benchmark test part to evaluate the
performance and capability of several AM processes including stereolithography, FFF,
laminated object manufacturing, and selective laser sintering. Data from benchmark parts
are very useful for decision support and DfAM. The efficiency of test parts is highly
dependent on the standardization of manufacturing, measurement, and design processes.
Early geometrical accuracy and resolution studies on AM processes focused mainly on
simple features [15], but the advancement of AM processes with applications in end-use
products necessitated the design of more complex features into test parts at different
7

locations and orientations [16]. Existing International standards for non-AM processes
have been widely adapted for the design of features on AM test parts for evaluation of
straightness, roundness, flatness, and cylindricity in AM processes. One of the limitations
of test parts designed for AM is that these parts are mainly tested and reported with
machines using default sets of parameters. However, printing parts with an optimized set
of parameters is more relevant for AM process/machine performance evaluation. Using a
general test part for all or at least several AM processes makes the design process more
generic and straightforward. However, the test part designed for a specific AM process
better demonstrates the capability or performance of a specific AM machine/process [14,
17].
Kranz et al. [8] investigated the effect of print orientations and locations on the
surface quality and dimensional accuracy of lightweight laser AM parts, providing a set
of design guidelines for this process. AM process limits can be determined by printing
test parts in different orientations with varying dimensional features such as boreholes,
bars, and thin walls. Highly significant geometrical freedom and weight reduction are
achievable through AM processes; however, process inherent limitations should result in
the generation of appropriate design guidelines to achieve a robust part design [18].
Dinar and Rosen [19] argued recently that DfAM is crucial since it has two main
advantages compared to traditional manufacturing processes. The first benefit is the
ability to design and create parts with highly complex geometries, which are impossible
to create using non-AM processes. The second benefit is that the AM process enables
several parts to be combined and printed as a single part, thus reducing, or eliminating
assembly steps and issues. Developing robust design guidelines for an AM process is a
prerequisite for gaining such benefits. In addition, interactions between these guidelines
(design parameters and design features) and AM process parameters should be clarified,
otherwise, benchmark test parts will not be useful in DfAM [18].
It is theoretically possible for a part to have any design geometry in AM. In
practice, however, AM processes are confronted with some constraints. AM may
decrease the number of assembly stages by integrating some parts together in the printing
(manufacturing) stage, but there may still be assembly steps required to fit AM parts
8

together to achieve the final product function. In addition, design should take into
consideration maintenance, repair, and inspection stages during the product life cycle
[18]. Adam and Zimmer developed a design rule catalog to extend the geometry freedom
of FFF, laser melting, and laser sintering AM processes. The aim was the design rules to
be independent of any AM process, although these rules are valid for specific boundary
conditions [13]. During the early development of AM processes, test parts (also known as
benchmark parts) were utilized mainly for the evaluation of resolution, dimensional
accuracy, and surface finishes of rapid prototyping parts [20]. However, recent studies on
AM test parts have considered AM process parameters, and also the sources of defects
and errors [21].
Muhammad and Hopkinson [22] classified AM benchmark parts into three main
groups from the perspective of functionality: mechanical test parts, geometric test parts,
and process test parts to evaluate mechanical performance of an AM process,
dimensional accuracy of AM parts and to obtain optimal process parameters for an AM
process, respectively. Test parts can be used to compare several AM processes and then
select an AM process for a specific product development. The presence of numerous AM
processes necessitates the selection of a process that best fits a unique product. Another
application of benchmark parts is performance evaluation of a specific AM process
/machine and, therefore, support process improvement activities. Moylan et al. [21]
studied several previously designed test parts for AM processes and proposed a standard
test artifact part applicable for all AM machines and processes (Figure 5). A welldesigned AM test part makes quantitative evaluation of machine accuracy and/or process
capabilities possible. Besides, different parties involved in an AM machine/process
performance verification can agree on using a standard test part. Though different test
parts or benchmark parts were proposed for AM processes [14, 23-25], there are common
features among them. A typical test part consists of the following items:
•

Holes with sizes as small as 0.2 mm (rectangular, round, spherical) in several
directions and/or locations

•

Bosses (rectangular, round, spherical, L-shaped, conical) in several directions
and/or locations
9

•

Angles, overhangs, notches, maps

•

Fine features with various sizes and thin walls with sizes as small as 0.25 mm

•

Freeform structures

Richter and Jacobs [21, 23] in early development of AM technologies, proposed a set
of requirements for a standard test artifact as below:
•

To be large enough to measure performance in both center and edge of print
envelope

•

To have a combination of small, medium, and large features

•

To have both bosses and holes features

•

To include variety of features such as thin walls, holes, and angled surfaces

•

To be manufactured in a reasonable time with reasonable amount of materials

Later, Byun and Lee [25] argued that a proper test part should be able to detect
minimum achievable feature sizes. Researchers at the National Institute of Standards and
Technology ( NIST) compared numerous test parts proposed by different studies and
themselves suggested a standard test part for AM processes [21]. Figure 5 shows the
computer-aided design (CAD) model of standard AM test part and its features (central
hole, pines and holes, staircases, outer edges, cylinders, ramps, fine features, and lateral
features) proposed by the NIST.
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Figure 5. Standard test part proposed by NIST [19]

Table 1 summaries features used to demonstrate a characteristic on a NIST AM test part.

Table 1. Characteristics and features on the NIST test part [21]
Characteristics investigated

Feature(s) used to demonstrate

Straight features

Vertical walls of staircases; outer edges

Parallel or perpendicular features

Vertical walls of staircases; outer edges

Circular or arced features

Center hole; central cylinders

Concentric circles or arcs

Central cylinders

Fine features

Fine features, holes, and pins

3D or freeform features

Ramp; lateral features

Holes and bosses

4 mm pins and holes; center holes and central
cylinders; staircases; fine features

Multiple planes

Lateral features

Location and orientation

4 mm pins and holes

Geometric errors of mirror positioning axes

4 mm pins and holes

Geometric errors of build platform

Staircases; center hole; ramp

Alignment errors between axes

Top surface and center hole

Errors in beam size

4 mm holes and pins
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Figure 6 shows a NIST AM test part fabricated with stainless steel material on a
direct metal laser sintering (DMLS) machine.

Figure 6. NIST AM test part fabricated with stainless steel on a DMLS printer
[19]

Design considerations for selective laser sintering (SLS)

Mechanical (e.g., tensile, impact, fatigue) properties of printed parts can be determined
by using standard test procedures such as the ASTM standards. Resolution and
geometrical accuracy of printed parts require the development of a standard test
procedure which incorporates features in a test part that are of interest to a designer. Deep
understanding of the geometric capabilities and performance of any AM process is
critical for an efficient product development cycle, including the design step. In addition,
a well-defined test part may be used to monitor the performance of an AM machine over
time [17]. Figure 7 shows test part designed for power bed fusion process on the polymer
parts.
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Figure 7. Polymer powder bed fusion (PBF) test part, used with permission [15]

Figure 7. These features include holes, rods, walls, gaps, cylinders, domes cons, hinges,
lettering, snap-fits, and surface roughness at different angles.
Table 2 summarized feature types, ranges, and increments for the part reported in Figure

7. These features include holes, rods, walls, gaps, cylinders, domes cons, hinges,
lettering, snap-fits, and surface roughness at different angles.
Table 2. Size of features for the PBF part of figure 7, used with permission [17]
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The evaluation of accuracy and resolution of SLS effects of material type, print
orientation, print location, and machine specification should be considered. Material
choice has an impact on the mechanical and thermal properties of the printed parts [26].
Allison et al. [9] utilized a metrology benchmark design to generate quantitative design
requirements and evaluate accuracy and geometric resolution of SLS processing of
polymers. To evaluate the performance of the process, a wide range of features were
embedded into the test parts. Test specimens with a range of features (e.g., holes, rods,
walls, cylinders, domes, and cones) can be printed to characterize the resolution of the
AM process. They also developed practical design guidelines to categorize the effect of
materials, build orientation, and built location on the accuracy and resolution of SLS
printed parts. One design advantage of the polymer SLS process over material extrusion
AM is that it is independent of build orientation and parts can be printed without adding
support structures.
Seepersad et al. [27] created a design guideline for tolerancing and dimensioning
of SLS additively manufactured parts. Their study focused on the feature size limitations
(e.g., shafts, slits, letters, holes, and mating gears) manufactured by the SLS process. One
of the design challenges of AM is that numerous parameters (including process type and
print orientation) affect the resolution and accuracy of the resulting AM parts. In their
study, font resolution, feature resolution, and clearance between rotating mechanical
components were also evaluated by fabricating benchmark specimens at different build
orientations and thicknesses. Additionally, despite good mapping between feature
resolution and accuracy with build orientations, clearances, and part thickness, these
design rules are limited to specific material, machine, and operation windows.
Measuring surface finish, resolution, repeatability, and accuracy of geometrical
features for any AM process and comparing the performance of at least two AM
processes necessitates developing benchmark parts. Fahad and Hopkinson [22] designed
a benchmark part to measure not only common geometrical dimensioning and tolerancing
but also the repeatability of SLS. Their study included at least three sets of flat bases,
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spheres, solid cylinders, hollow cylinders, cubes, cones, and angled surfaces to capture
the repeatability of the SLS process.

Design considerations for FFF process

In 1991, Scott Crump [5] developed FFF, also known as FDM, as the first
material (polymer) extrusion AM technique that still remains the primary material
extrusion AM technology. Material extrusion can be classified into three subgroups of
screw-based, syringe-based, and filament-based. In a screw-based material extrusion
process, the raw material is a pellet feedstock, and the process is like injection molding.
In a syringe- or plunger-based approach, a mixture of binder and powder is inserted into a
heated extruder and finally printed via a hot nozzle. The third material extrusion process
type is the filament-based technique, first patented by Stratasys with the name of FDM.
Nowadays, it is widely used for printing metallic and non-metallic materials. FDM was
initially used for prototyping but is increasingly being used for manufacturing tooling and
end-use products, as well. Whenever the material extrusion process is used for metallic
parts, two post-printing stages, de-binding, and sintering, are required [28]. In addition,
FFF is the most widely used material extrusion process for thermoplastic polymers and
composites.
One of the FFF limitations is the need for support structures for overhanging
(>45°) geometries, which eventually results in extra print time, extra material cost, and
surface post-processing [29]. Lower production and finished part costs for the end-user
are the main benefits of material extrusion compared to other AM technologies.
Particularly another advantage of the material extrusion process is that it can be applied
to all material types including metals, polymers, ceramics, and their composites. More
importantly, FFF can be readily integrated with other extrusion-based AM heads as well
as subtractive heads. However, this technology has its own limitations: Printing complex
geometries with this process requires support structures, the removal of which is
sometimes hard and may affect the mechanical performance of the part. In addition,
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lower resolution, poor surface finish, and dimensional inaccuracy have been reported as
limiting factors for the FFF process [30].
Fernandez-Vicente et al. [31] investigated the variations in bridges, overhangs,
and angle geometries, which are required in the FFF process. They concluded that AM
processes, specifically the FFF process, are useful for generating more complex
geometries, but geometrical limitations should be considered in their DfAM. Maximum
lengths of 2 mm for overhang features and 45 mm for bridge features were
recommended. In addition, a maximum angle feature of 45˚ was reported as a basic rule
for the design, but the size of the angled feature can affect this maximum overhang angle.
Design rules are only valid in boundary conditions of operation parameters’ ranges.
Therefore, these rules work as a starting point for DfAM, and process optimization for a
specific application is always part of the production cycle.
Pérez [32] investigated dimensional accuracy and surface quality of the FFF
process and reported insignificant variation of these parameters at print angles with a
range of 0˚ to 90˚.
Lower production cost and lower finished part cost for end-user are the main benefits of
material extrusion technology compared to other AM technologies.
Sood et al. [33] investigated the effect of five FFF process inputs (raster width,
raster angle, build orientation, layer thickness, and air gap) and their interaction with the
dimensional accuracy of ABS printed parts. Their study demonstrated that FFF is a
complex process and that process outputs are very sensitive to input parameters and their
interactions. This complexity makes the standardization of the FFF process more
difficult.
AM processes have been increasingly utilized for the fabrication of geometrically
complex and/or customized end-use parts. Huang et al. [34] reviewed design techniques
for extrusion-based polymer AM. There are several approaches taken by the AM
community with respect to design for manufacturability of the FFF process, with a focus
on taking advantage of the geometrical complexity and the freedom from tooling this
process can provide.
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In general, the design process may be divided into two main steps: conceptual
design and detail design. Most of DfAM work is in the detail design phase. However,
utilizing the full capabilities of AM also necessitates applying DfAM in the earlier
conceptual phase [35]. AM technologies have developed significantly over the past three
decades, mainly in the areas of process and materials but not necessarily in design.
Thompson et al. studied DfAM from the perspectives of design constraints and
opportunities [11]. DfAM plays a critical role in reducing material and energy usage via
the topology optimization approach. In addition, freeform geometry (internal and
external), customized production, multifunctionality through multi-material, and reduced
assembly steps are examples of areas that can be impacted by DfAM. Even AM
processes provide various opportunities, but in practice, there are several constraints that
need to be considered by AM designers:
•

Most CAD models have been developed for a traditional approach to
manufacturing, thus having limitations with respect to the more complex and
automated CAD-to-part AM processes.

•

Some of the AM processes require support structures for angled surfaces, and
consideration should be given to the impact of these temporary structures on the
surface quality of the final printed part. Additionally, the removal of temporary
supports from internal sections of a printed part is another design constraint.
Multi-material AM approaches with soluble support materials can resolve this
issue.

•

Every AM machine has its own specific limitations, such as operating
temperature, compatible feedstocks, and print envelope size. There is usually a
machine-to-machine variability in terms of part quality.

•

Quality control and metrology measurements on AM complex parts are more
difficult than on traditionally manufactured parts, which are less complex.
Additionally, dimensional tolerances for any AM process are still far larger than
for advanced traditional manufacturing methods such as milling, grinding, and
machining.
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•

In some applications, printed assemblies are useful, but in others, it may make
regular repair and maintenance of assembly more difficult, or even impossible.
Olsen and Kim [36] investigated DfAM via concurrent build orientation and

topology optimization method. This hybrid approach may decrease the required support
structures without significantly degrading the structural performance of FFF printed
parts. Topology optimization is used to generate a lightweight and efficient design, but
this design then should be integrated into a product through manufacturability. Topology
optimization does not consider support structure requirements, which are necessary for
overhanging features in some AM processes including direct laser metal sintering
(DLMS) and FFF. These temporary structures increase build time, material usage, and
support removal cost. Liu and Yu reported that overhang size and inclination angle can
be optimized through a self-support topology optimization and for a given optimized
overhang length, the horizontal overhang is possible in the FFF process [37]. Topology
optimization and lattice design are two major design tools for the design of parts for AM
processes [38].
Besides DfAM, design for manufacturing and assembly (DfMA) and design for X
(DfX) are reported in the literature for AM processes. DfX refers to people working on
different steps of product development, sharing design and manufacturing information
more closely to avoid potential challenges and manufacturing complexity, in the early
stages of the product realization process [39]. Autodesk and Kickstarter designed a test
part for the FFF process [40]. Figure 8 displays details of their benchmarking protocol.
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Figure 8. Autodesk and Kickstarter test part for FFF process
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Multi-material filaments for FFF and post processing effects

Abstract: AM technologies are widely used for prototyping and to a much less extent for
end-user products. This is mostly true for FFF AM process. Moreover, printing with
dissimilar polymers is highly desirable for functional components, and FFF is specifically
suitable for this purpose. However, weak interlayer interfaces and voids formed during
FFF weaken the parts and limit their applications. Mechanical properties of FFF parts are,
therefore, highly anisotropic and weakest in the build direction. Bonding between
different plastics printed via FFF is often poor. Several approaches have been examined
to improve the mechanical properties of FFF parts. Pre-, in-, and post-process
modification techniques have been applied to improve the interfacial properties of printed
parts. Blending different types of polymers into the filament, infrared interface heating,
and annealing are examples of pre-, in-, and post-process techniques, respectively. This
chapter focuses on a new pre-processing approach for improving interlayer adhesion and
void reduction via a core-shell composite filament; polylactic acid (PLA)/ ABS coreshell. The effect of extrusion multiplier, as an in-process approach, on the structure of
similar and dissimilar core-shell printing is also investigated. Finally, post-annealing
under ambient and isostatic pressures to improve multi-material FFF parts’ structure and
performance is studied.

Introduction

FFF is a widely used additive manufacturing process, but it suffers from
limitations including weak interlayer bonding and void formation, leading to anisotropic
properties [41]. Over the last two decades, studies have increasingly focused on different
approaches to resolve these critical limitations to expand FFF’s capabilities from
prototyping to end-use structural parts. In general, these studies may be classified into
three main areas. Some studies have focused on modifying and improving the properties
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of filament feedstock mainly by blending more than one polymer (i.e., a pre-FFF process
approach) or adding nanomaterials to the filaments. Polymer blending, dualthermoplastic filament thermal drawing, filament coating, and co-extruding are among
this category. There are studies on improving FFF parts by combining other tools with
the FFF process during each layer of deposition. These efforts can be categorized as inprocess approaches. Infrared heading after printing each successive layer, applying
atmospheric-pressure plasma, plasma-polymerization, cold plasma treatment, and
dielectric barrier discharge heating are among this category [42-45]. Like other AM
technologies, there are studies [46] to combine a post process with the FFF to improve
part properties . Such studies may be classified as post-process approaches. Annealing
and hot isostatic pressing (HIP) are in this category.
It is possible to use a combination of the three above-mentioned approaches.
Current study will investigate the combination effect of using multi-material filament as a
pre-process approach, increasing extrusion multiplier as an in-process step, and either
HIP or annealing as a post-process approach. Recent studies on each approach will be
reviewed in the following sub-sections.

3.1.1

Pre-processing approaches

Single filaments such as ABS, PLA, Polycarbonates (PCs), PEEK, and
Polyethylenimine (PEI) are widely used with FFF [47]. Recent studies have focused on
modifying feedstock filaments to increase the performance and functionality of FFF
components [48]. To this end, composite and nanocomposite filaments have been
developed. Composite filaments can both enhance mechanical properties and impart new
functionalities (e.g., enhanced electrical or thermal conductivity). Metal composite
filaments, and ceramic composite filaments have also been studied over the past decade,
but those materials are beyond the scope of this study [49].
Wei et al. reported using graphene/ABS and graphene/PLA nanocomposite
filaments up to ~ 5 wt.% graphene loading, and demonstrated their printability in the FFF
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process [50]. Aumnate et al. prepared 2 wt.% graphene oxide/ABS filaments by both
solvent mixing and dry mixing techniques and noticed that dry mixing was not successful
but solvent mixing led to printable composite filaments with improved tensile strength
and Young’s modulus, which may be attributed to better graphene oxide distribution
within the ABS matrix. Pure polymer filaments are more useful for conceptual
prototyping, but composite filaments are promising for multifunctionality and
engineering applications. Agglomeration and non-uniform nano filler distribution are the
main challenges of preparing practical polymer nanocomposites with carbonaceous
nanofiller including carbon nanotube (CNT), graphene, and graphene oxide [51].
Gnanasekaran et al. investigated the effects of adding graphene and CNT to polybutylene
terephthalate (PBT) filament and found better electrical conductivity, mechanical
stability, and printability for CNT/PBT rather than graphene/PBT [52]. In the case of
polymer nanocomposite feedstocks, one major challenge is that nanofiller can be easily
agglomerated and cause printer’s nozzle jams and wear [50].
Wu et al. developed a polyetherimide multifunctional composite filament with a
combination of additives including non-halogenated flame-retardant, hollow glass
microspheres, and nanoclay. The goal of their study was to develop a low flammability,
high char yield, and low-density composite filament for FFF [53]. Dul et al. prepared
CNT/ABS nanocomposite filament (up to 8 wt% CNT) and examined its thermal,
mechanical, and electrical performance. They found noticeable improvements in tensile
strength and Young’s modulus and some reduction in elongation at break [54]. Caminero
et al. investigated the effect of adding graphene nanoplatelets to PLA for FFF, resulting
in at least 1.5 times improvement in flexural and tensile strengths [55]. Sezer and Eren
dispersed up to 10 wt.% multiwall carbon nanotubes into an ABS matrix and reported
288% improvement in tensile strength and 700% improvements in electrical conductivity
of prepared composite filaments for the FFF process [56]. León et al. studied mechanical
properties of parts manufactured with a FFF process with ABS/TPU (Thermoplastic
polyurethane) composite filament. They observed that adding up to 30 wt.% TPU
increased inter-layer adhesion considerably [57]. Kennedy and Christ demonstrated in
situ active blending to prepare composite filaments (TPU/PLA, Nylon/PLA, CNT/PLA)
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for the FFF process. They found that this approach decreased the number of steps
required for preparing composite filaments [58].

3.1.1.1 Core–Shell composite filaments

In addition to binary or ternary blends of polymers to prepare a composite
filament, which were briefly reviewed in the previous subsection, there is another
approach to feedstock filament preparation: core–shell or coaxial filaments. In addition, it
is more effective to add additives such as nanomaterials to localized and targeted areas
(e.g., interfaces) where improved performance is needed. For example, to enhance the
functionality of tissue engineering scaffolds, Cornock et al. implemented coaxial melt
extrusion on alginate hydrogel/thermoplastic polycaprolactone (Alg-PCL) and additively
manufactured a core–shell scaffold structure. They used a coaxial melt extrusion AM
method to create a composite filament with alginate hydrogels as the low-stiffness core
and polycaprolactone with a higher modulus as the shell. In their study, the inner core
diameter was 300 µm and the outside diameter of the shell section was 900 µm, and their
results demonstrated the promising potential of core–shell structures for biomaterial
applications [59].
Several recent studies on the advantages of utilizing coaxial extruded structures in
the AM for biomaterial applications are reported; however, these studies focus mainly on
proving the concept rather than studying the performance of printed parts [60, 61]. Peng
et al. reported significant improvement in the impact resistance of additively
manufactured (i.e., FFF-processed) parts using a core–shell composite filament. They
chose PC as the core portion to contribute strength and dimensional accuracy to the
composite structure and an olefin ionomer as the shell to enhance the interface bonding
strength between adjacent printed layers and rasters. The improvement in impact
resistance was attributed to energy dissipation by the shell structure and the rigid core
preventing crack tip from propagation. Their study showed that using core–shell
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structured filament feedstock in FFF can increase the impact resistance and toughness of
FFF parts but also decrease their tensile strength and Young’s modulus [62].
One of the benefits of core–shell structured composite filaments is that it can
combine a semicrystalline filament with an amorphous filament to reduce volume change
and dimensional inaccuracy, which is common in pure semicrystalline filaments in the
FFF approach [63]. A composite filament with a 50% shell of either high-density or lowdensity polyethylene and 50% core of PC/ABS blend has been demonstrated to work as a
FFF feedstock to print parts with reasonable impact resistance, elongation, and
dimensional accuracy. In a recent study, Hart et al. showed thermal drawing to prepare
ABS shell and poly-carbonate (PC) core filaments for FFF. They showed that postprocess annealing at a temperature between the glass transition temperature (Tg) of the
core and shell materials resulted in ductility approaching injection-molded reference
parts. This was accompanied by a factor of 15 improvements in fracture toughness of
parts compared to pure ABS ones. It is expected that printing at above the Tg of an ABS
shell will promote diffusion and mobility of the ABS. On the other hand, since such
printing temperature is below the Tg of the PC core, dimensional accuracy of a part
printed using this composite filament is preserved. This approach supports the feasibility
of annealing at higher temperatures for a composite filament. However, as the above
study reported, the thermal drawing approach resulted in a significant amount of voids
[64].

3.1.2

In-process approaches

In-process approaches for improving mechanical performance of FFF components
utilize a variety of tools to improve interface strength and are less time-consuming than
post-process approaches. Kishore et al. studied the effect of using infrared (IR) heating
between printing consecutive layers to improve interface bonding of FFF-fabricated ABS
specimens [43]. Their study reported improvement in fracture energy only; the impact of
infrared on other mechanical properties was not quantified. Nycz et al. examined infrared
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substrate heating during FFF of ABS-20% reinforced short carbon fiber and reported
~approximately 100% improvement in tensile strength and more than 700% improvement
in fracture toughness over the reference parts made with no in-process IR heating [65].
Ravoori et al. reported that applying in-situ compression rolling on consecutive layers
during the FFF process improves mechanical properties of resulting parts significantly
[66].

3.1.3

Post-process approaches

HIP has been used for decades as a reliable post-processing option to improve the
performance of traditionally manufactured components. The effect of HIP on the
properties of metallic alloys and ceramics has been widely investigated but there are far
fewer studies on polymeric materials. HIP is expected to play a major role in future
development through coupling with AM techniques. The HIP process becomes a more
viable and attractive option when considering the problems of additive manufactured
parts made using FFF-processed polymers and polymeric composites (e.g., weaker
interlayer bonding, presence of voids or porosities, and anisotropic properties) [46].
Thermal annealing (no iso-static pressure) is a lower cost alternative to HIP for FFF parts
[67].
Battelle Institute invented the HIP, initially referred to as gas pressure bonding, as
a method for assembling nuclear fuel elements through diffusion bonding. When high
temperature is not sufficient to bond two materials together, combining high temperature
with isostatic pressure is effective. HIP has been used widely in the fabrication of highly
dense parts from metals and ceramic powders. Additionally, HIP is an economical tool
for the cladding process, in which a harder material is joined to a less hard substrate. HIP
is used mainly for metals and ceramics at very high temperatures [68], but it also may be
applicable for polymers at far lower pressures and temperatures (i.e., below the melting
points of the polymers). There is a limited number of studies published on HIP on
additively manufactured polymer and polymer composites [46]. HIP which was first used
in the diffusion bonding of ceramics, is now widely applied on green powder parts to
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reduce pores, and make denser parts. For metallic parts, HIP pressure is selected to be
higher than metal’s yield strength at the HIP temperature, which is typically above 70%
of the melting temperature of the part. This pressure inequality leads to localized plastic
deformation of the material and eventual closing of pores and micro-cracks. It has been
reported that some gases, such as argon, may not diffuse out of pores or dissolve into the
matrix; therefore, increasing HIP pressure at lower HIP temperature may lead to the
enlargement of cracks and pores. HIP may close internal pores but not pores on the
surface of parts. Therefore, machining after HIP can be a solution for critical applications
where fatigue is a major concern [69].
Gul and McGarry used HIP to fabricate a defect-free and homogeneous
microstructure for ultra-high molecular weight polyethylene (UHMWPE) [70]. They
concluded that process temperature is the most significant process parameter for polymer
consolidation. The ranges of process parameters for their setup were as follows:
temperatures of 210 °C and 300 °C and pressures of 69 MPa and 138 MPa for durations
of 2 and 4 hours.
Porosities and voids are inevitable in most AM technologies. Therefore, there is a
great interest in applying HIP as a post-process on additively manufactured parts to
decrease the percentage of voids in the microstructure [46]. Lu et al. studied the effect of
selective electron beam melting and subsequent HIP on the mechanical properties of
Ti6Al4V. The HIP process increased the density and homogenized microstructure of
additively manufactured Ti6Al4V alloy [71]. Liu et al. hybridized indirect selective laser
sintering with HIP to fabricate near-dense metallic parts from AISI 304 stainless steel,
but the process had a negative impact on geometric resolution of the parts [72]. Kumar et
al. investigated the effect of HIP on additively manufactured copper parts fabricated by
the binder jetting method. Their study showed an increase in density from 92% to 99.7%
through post-process HIP for printed copper components [73]. Tillmann et al. combined
HIP with a selective laser melting process on IN718 parts. This approach resulted in
higher fatigue strength under cyclic loading due to the positive impact of HIP on SLM
printed parts which may have microscopic porosities. HIP was implemented in the
temperature range of 500–1300 °C and the pressure range of 500–1500 MPa, and the
temperature was observed to have a more significant effect on porosity reduction than
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HIP pressure [74]. HIP reduces internal defects in additively manufactured components
and enhances some mechanical properties but the process consumes a significant
amounts of energy [75]. A recent study by Zhang et al. showed that HIP may also have a
negative impact on laser additive manufactured parts, by leaving extremely sharp edge
pores in the microstructure. Therefore, examining internal defect morphology before and
after HIP is important [76]. HIP of additively manufactured high-entropy alloys resulted
in the elimination of large diameter pores (> 5 μm) but may also increase grain size and
precipitate size [77]. A recent study on HIPed hastelloy X fabricated by a laser powder
bed fusion method revealed that gas-free micropores and internal cracks can be closed
with HIP, but gas-filled pores will be present in the microstructure even after an extended
HIP process. In other words, it is not practical to expect HIP to lead to a 100% dense
component, though improvement can be significant [78].
HIP has been shown to reduce crack and pore densities in additively
manufactured nickel-based superalloys, but it may also lead to regrowth of some gasfilled pores [79]. A study by Zhai et al. on additively manufacturing (selective laser
melting method) revealed that post-process HIP can decrease micro-defects and
ultimately reduce directional anisotropy. However, some of this improvement is
attributed to the activation of recrystallization and dislocation migration phenomena at
HIP condition [80]. Post-process HIP was shown to lead to an improvement in the impact
strength of selective laser melted AlSi10Mg alloy, attributed to the reduction in porosities
of this additively manufactured aluminum alloy [81]. Asberg et al. investigated the effect
of HIP on the porosity, microstructure, and mechanical properties of H13 tool steel that
had been fabricated by the laser powder bed fusion technique and found that HIP led to
reductions in porosity and fusion defects [82]. Significant porosity reduction was
obtained through applying HIP to additively manufactured 316L stainless steel. However,
it also caused more residual stress in the microstructure [83]. In a recent study, Plessis
and Macdonald employed X-ray tomography to examine the effect of HIP on additively
manufactured Ti6Al4V titanium alloy, which is widely used in the aerospace industry.
They concluded that HIP is very effective in closing all types of internal pores but has no
significant impact on surface and near-surface pores. Additionally, they noticed that
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annealing treatment followed by HIP may lead to reopening of internally closed pores
and blistering effects on near-surface pores [84].
HIP is widely implemented in powder metallurgy and in AM technologies where
the feedstock is powder, including SLM and SLS [68]. However, there are far fewer
published studies on the effect of HIP on additively manufactured polymers and polymer
composites [46]. Parker et al. examined the effect of HIP on FFF fabricated parts with
different polymers including PC, ULTEM 9085, and polyphenylsulfone. They noticed
that HIP reduced the volume of interlayer voids in FFF parts, though they also observed
some dimensional distortion at higher HIP temperatures. They used a Carver AutoFour
Hot Press to provide a temperature range of 70–230 °C and pressure range of 44-149
MPa for their HIP experiments [85]. Tantillo investigated the effect of HIP on Nylon 6
filament fabricated by the FFF process to reduce internal voids and eventually improve
mechanical properties. There are more studies on the effect of annealing on FFFproduced polymer parts than on the effect of HIP on FFF [67].

Material and Methods
3.2.1

Material

PLA (ECOMAX PLA) and ABS (3DXTECH ABS) were purchased from the
3DXTECH company. PLA/ABS blend filament (HyTech PLA-F [PLA/ABS Blend]) was
purchased from Sandoz 3D Filaments. The diameters of all three purchased filaments
were 1.75 mm. Morton iodized salt was used inside the HIP cylinder to protect against
specimen deflection and bending. Nitrogen gas was used in the HIP device.

3.2.2

Methods

Core/shell filaments were manufactured using an E3D tool changing 3D printer. The E3D
tool-changer is a multi-material 3D printer which can print up to four distinct materials or
colors within the same fabrication process. It is distinct from other multi-material printers
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because it automatically swaps print heads (tools) rather than having all heads mounted
on the carriage, as in dual-extruder or IDEX printers. A 2D spiral model (hexagonal cross
section rather than circle) was generated using the Inkscape software. This model was
then uploaded to Fusion 360 to create a 3D core/shell structure [86]. Simplify3D software
was used for slicing of the spiral model and define the process parameters. Figure 12. FFF
printing with core (PLA)/shell (PLA) at E.M. value of 1.25 and nozzle temperature of 210 °C (Top
images: X orientation; Bottom images: Z orientation)

Figure 9 shows a spiral printed core/shell filament, a filament cross-section, and
an E3D tool changing print head.

Figure 9. Preparation of the spiral core/shell filaments.

A Prusa i3 MK3S 3D printer was used for printing 6×22×120 mm bars to prepare
tensile specimens (Type IV tensile coupons, per the ASTM-D638) by machining. All
specimens were printed in the Z orientation (i.e., 6×22 mm side on the bed plate). Figure
10 shows the setup for printing a 6×22×120 mm bar with a Prusa i3 MK3S 3D printer.
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Figure 10. Prusa i3 MK3S 3D printer to print 6x22x120 mm tensile bar

The FFF process parameters used in both core/shell filament preparation by the
E3D tool changing 3D printer and tensile bar printing by the Prusa i3 MK3S 3D printer
are summarized in the Table 3.

30

Table 3. FFF processing parameters used in this chapter study
Processing parameter

Value

Nozzle Temperature (°C)

210, 250

Bed Temperature (°C)

105

Print speed (mm/s)

50

Layer thickness (mm)

0.2

Extrusion multiplier

1, 1.05, 1.10, 1.15, 1.2, 1.25

Nozzle diameter (mm)

0.4

Infill pattern and percentage

Rectilinear, 100%

Number of perimeters

0

Cooling fan speed

0 (off)

Solid top and bottom layer

0

Extrusion width (mm)

0.48

A post-FFF annealing process was conducted at 90 °C for 24 hours inside an
oven. A Memmert UN55 universal laboratory convection oven was used for annealing.
HIP was conducted at 90 °C under a N2 pressure of 0.137 MPa for 24 hours. Figure 11
shows the setup for conducting HIP as a post-print process.
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Figure 11. Post Print HIP set up

Tensile tests were conducted, following the ASTM-D638, on an MTS Criterion®
Series 40 equipped with a 50 KN load cell. An MTS extensometer, gauge length of 25.4
mm, was used to measure strains. Optical microscopic evaluation of fractured surfaces
was conducted on a Dino-Lite Edge plus AM4517MZTL digital microscope with a Dino
Capture 2.0 software.
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Results and Discussion

3.3.1

Optical microscopy

The purpose of optical microscopy is to examine the effect of extrusion multiplier
and interface type on FFF-fabricated core/shell microstructure. To this end, blended
PLA/ABS, pure ABS, and pure PLA filaments were used as the core and pure ABS and
pure PLA were used as the shell of the multi-material filaments. Figure 12 shows a cross
section of a printed specimen in the X orientation (raster direction) using PLA core-PLA
shell filaments. Different colors of PLA were used to better detect the interface areas.
These fracture surfaces reveal that similar core/shell multi-material filament reaches good
diffusion and bonding at interfaces. In addition, selected process parameters can result in
specimens with very small internal voids. The connected shell structures around the core
structures are evident from these images.
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Figure 12. FFF printing with core (PLA)/shell (PLA) at E.M. value of 1.25 and
nozzle temperature of 210 °C (Top images: X orientation; Bottom images: Z orientation)

The same approach was repeated with ABS polymer. Two different colors of
ABS were used as both the core and shell of a multi-material filament. The fracture
surfaces in both X and Z orientations are compared in Figure 13. The only difference
between PLA/PLA and ABS/ABS core/shell filament printing was the nozzle
temperature (210 °C for PLA and 250 °C for ABS). Parts made via both ABS/ABS and
PLA/PLA core/shell filaments were similar in structure. There is no delamination at the
interfaces for both cases. That implies that proposed core/shell multi-filament approach is
promising for implementation in the FFF process.
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Figure 13. FFF printing with Core (ABS)/shell (ABS) at E.M. value of 1.25 and
nozzle temperature of 250 °C (Top images: X orientation; Bottom images: Z orientation).

In the next step, blended (ABS/PLA) filament was used as the core and PLA
filament was used as the shell. The hypothesis was that PLA, with its lower Tg, in the
core would bond to the PLA shell, resulting in strong bonding. As evident from Figure
14, miscibility differences between the core and shell resulted in some delamination at
the interfaces. In the following step, the effect of different FFF post-processes on the
tensile performance of parts from core/shell filaments are examined.
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Figure 14. Core blend (ABS/PLA) and shell (PLA) at extrusion multiplier factor
of 1.25 and nozzle temperature of 250 °C.

Figure 15 compares the impact of the extrusion multiplier on void content and
interface bonding of ABS (core) and PLA (shell) structures. As evident from these
fracture sections, at an extrusion multiplier value of 1(i.e., default set on Prusa i3 MK3S
3D printer), there are significant interfaces between rasters and there are channels, rather
than voids, between rasters. As the extrusion multiplier increases, channels between
rasters disappear and void sizes decrease. A long crack in the interfaces of core and shell
was evident even at higher extrusion multiplier values. At an extrusion multiplier value of
1.25, there was no long cracks on the fracture surface, but short cracks were still observed
on the fracture surface.
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Figure 15. ABS/PLA core/shell filament printing in X orientation at different
extrusion multiplier values (1, 1.05, 1.10, 1.15, 1.20, 1.20)
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The following section examines the hypothesis of obtaining better interface
bonding in core/shell structures by applying FFF post-processes including annealing and
HIP.

3.3.2

Tensile test results

Figure 16 shows the impact of post-processes on tensile strength in the Z
orientation of a specimen fabricated by blend filament and blend/PLA core/shell
filaments. A shift is evident from the graph below. Blend (ABS/PLA) has the highest
tensile strength. This level of strength is higher than specimens FFF-fabricated with pure
ABS filament but lower than specimens FFF-fabricated with pure PLA filament in the Z
orientation. As discussed in the previous section, fracture surfaces revealed that even at a
high level of extrusion multiplier, small interface cracks were present for FFF-printed
specimens made with core/shell multifilament. The figure below demonstrates that
annealing post-process improves tensile strength of specimens fabricated with core/shell
structure more than HIP post-process. Due to the small sample size of 3 used in
conducting these tensile tests, a firm decision cannot be made regarding mechanical
performance of core-shell structure in FFF process, and a larger tensile test sample size is
required for better understanding of the post-process impact on specimens made with
core/shell multifilament. Peng et al. reported that a core PC/shell Surlyn coaxial structure
has improved impact resistance and toughness but reduced tensile strength [62]. Hart et
al. also reported that core PC and shell ABS multi-material (dual thermoplastic) filament
exhibited improved dimensional stability of FFF-printed components after post-process
annealing [64].
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Figure 16. Effect of FFF post-processes on tensile strength of specimens
fabricated by blend, and blend core/PLA shell filaments

Figure 17 shows stress versus strain curves in the Z orientation for FFF-fabricated
specimens using a blend (ABS/PLA) filament. Blending ABS polymer with PLA
polymer and then preparing a blend filament improves the Z orientation strength of ABS
filament; however, the resulting filament still has a lesser tensile strength than pure PLA
filament, but elongation is far more than that of FFF-fabricated specimens with pure ABS
and pure PLA [87].
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Figure 17. Stress–strain curves of 3 FFF-printed specimens with blend
(ABS/PLA) filament

Figure 18 shows stress–strain curves for FFF-fabricated specimens with blend
(ABS/PLA) core and PLA shell. Due to the presence of cracks in the interface of the
core/shell structure, the tensile strength is far less than that for blend and PLA filaments.
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Figure 18. Stress–strain curves of FFF-printed specimens with blend as core and
PLA as shell

Figure 19 shows stress–strain curves for FFF-fabricated specimens with blend
core and PLA shell, then HIP post-processed. Due to the small specimen size of 3, a
strong conclusion cannot be made from these results. However, all three specimens show
linear elastic behavior and brittle fracture.
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Figure 19. Stress–strain curves of specimens FFF-printed with blend as core and
PLA as shell, with HIP post-process

Figure 20 shows stress–strain curves of FFF-fabricated specimens using a multimaterial filament for which the core is a blend (PLA/ABS) filament, and the shell is PLA
filament. After the printing process, specimens were annealed in an oven at 90 °C for 24
h. These curves reveal an elastic behavior; however, the variations in stress at failure and
failure strain are significant (~ 15 MPa). Due to the small specimen size of 3, a strong
conclusion cannot be made from these results. However, the result shows that annealing
after an optimized FFF process could increase tensile strength of a blend core and PLA
shell filament up to the tensile strength achievable by a blend (ABS/PLA) filament. Yin
et al. reported that the dissimilar bond strength between ABS and TPU through a FFF
process does not exceed 2 MPa at best. Therefore, core/shell multi-material filament of
these two polymers in the transition area between pure ABS and pure TPU may be able to
increase interface bonding [88].
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Figure 20. Stress–strain curves of FFF-fabricated specimens with blend
(ABS/PLA) as core and PLA as shell

3.3.3

Tensile fracture surface

In this section, the results of optical microscopy on the fracture surfaces of tensile
samples are presented. Figure 21 through 24 indicate tensile fracture surface of blend
(ABS/PLA), blend core/PLA shell, blend core/PLA shell with HIP post process, and
blend core/PLA shell with anneal post process, respectively. The results suggest that
whenever fracture occurs on a single plane, a lower tensile strength results, but whenever
fracture occurs on more than one plane, tensile specimens exhibit higher tensile strength.
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Figure 21. Fracture surface of tensile specimen FFF-fabricated with blend
(ABS/PLA) filament

Figure 22. Fracture surface of tensile specimen FFF-fabricated with blend
(ABS/PLA) core/PLA shell filament
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Figure 23. Fracture surface of tensile specimen FFF-fabricated with blend
(ABS/PLA) core/PLA shell filament and HIP post-process

Figure 24. Fracture surface of tensile specimen FFF-fabricated with blend
(ABS/PLA) core/PLA shell filament and annealed post-process
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Conclusions

Optical microscopy on the fracture surfaces of core/shell filaments with similar
and dissimilar filaments reveal that the miscibility of core and shell filaments plays a
critical role. In other words, similar material in both core and shell of a filament provides
interfaces like printing with a single filament. Therefore, the core/shell filament approach
is an option only if the core and shell polymers have a good level of miscibility with each
other. In addition, based on the above experimental data, printing a blend of PLA/ABS as
a single composite filament still provides far better tensile strength in the Z orientation
than printing a blend (PLA/ABS) as core and PLA as shell. In addition, post-processing
such as HIP (20 psi and 90 °C) and annealing (90 °C) for 24 hours improves tensile
performance, but the performance is still inferior compared to printing with blend
ABS/PLA filament.

46

Reducing Mechanical Anisotropy in Fused Filament
Fabrication Parts via Over-extrusion

Abstract: Additive manufacturing (AM) technologies are widely used for prototyping
over the last four decades, and to a much less extent, for end-user products mainly over
the last decade. Fused filament fabrication (FFF) is the most common AM process choice
for printing polymer and more recently polymer composite parts due to simplicity and
being cost-effective. However, weak interlayer interfaces, mechanical anisotropy, and
voids formed during FFF process weaken the parts and limit their engineering
applications. Mechanical properties of FFF parts are therefore highly anisotropic and
weakest in the direction perpendicular to the printing plane. This chapter focuses on a
simple approach for improving interlayer adhesion and void reduction via selection of
proper extrusion multiplier factor for ABS parts. For this purpose, first, 10×10×100 mm
rectangular V-notched samples were fabricated at different level of nozzle temperature
and extrusion multiplier. Void content of fracture surface was examined by optical
microscopy to select proper nozzle temperature (250 °C) and extrusion multipliers (1,
1.1, 1.2). Fracture surface void behavior, Micro CT data, and tensile test results
demonstrate that extrusion multiplier is a major FFF process parameter and has
significant effect on void content, Z direction tensile strength, and anisotropy of parts
manufactured by FFF process. Increasing extrusion multiplier from 1 to 1.2 resulted in 10
% tensile strength improvement in X direction and 50% tensile increase in Z direction.
Ratio of Z tensile strength to X tensile strength of 93% was achieved at extrusion
multiplier of 1.2.

Introduction

Nowadays, FFF is the most utilized AM process for rapid prototyping, and
polymer components, due to its high customizing capability, low equipment and
feedstock costs, lower material processing waste, recyclability, and significant process
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simplicity. Currently, a wide range of filaments are commercially available including
general purpose polymers (e.g., ABS, PLA, high impact polystyrene (HIPS), poly
(ethylene terephthalate)-glycol (PETG), and Acrylate Styrene Acrylonhrtilrei (ASA),
engineering polymers (e.g., polyvinylidene fluoride (PVDF), PC, and Nylon), high
temperature polymers (e.g., PEEK, poly ether ketone ketone (PEKK), PEI,
polyphosphoric acid (PPA), polyphenylenesulfide (PPS). In addition, the feasibility of
adding carbon or glass fibers (either short or continuous) to polymer filament
exponentially expanded FFF process applications [89, 90]. Recently, some studies
focused on utilizing composite polymer filaments as feedstocks, which may tailor
desirable properties and performance for FFF process on polymers [91, 92]. Due to layerby-layer nature of AM processes, including FFF process, partially bonding between
extruded filaments, and void formation among filament beads, it has been widely
reported that mechanical performance of FFF parts has anisotropy in-properties and is
inferior compared with bulk reference material fabricated by a traditional method. This
behaviour limits FFF process for either being a widely utilized manufacturing tool or an
option for generating load-bearing components [93]. In general, mechanical anisotropy in
FFF printed parts is a function of material type and printing process parameters [94].
Tensile strength of FFF parts in the orientation perpendicular to build plate (Zorientation) was reported in range of up to 50% of direction parallel to build plate (Xorientation) [95, 96]. Rodriguez et al. [97] utilized a Stratasys FDM1600 Modeler printer
with the P400 ABS filament to maximize strength of FFF parts. At optimized sets of
process parameters, they achieved the tensile strength of 24.4 MPa and 13.4 MPa in
longitudinal and transverse directions, respectively. That means tensile strength in Zdirection is only 55% of tensile in X-direction and only 43% of a reference bulk ABS in
any directions. Gao et al. reported that for FFF printed pure PLA parts, when raster angle
changes from being parallel to tensile test (X-direction) to perpendicular to load direction
(Y-direction), tensile strength decreases up to 60% [94]. FFF printed PEEK samples
revealed higher mechanical properties in raster angle of 0 than 30˚and 45˚ [98]. Galeja et
al. studied the effect of raster angle (from 45˚ to 90˚) on mechanical performance of FFF
printed ABS parts and figured out that tensile strength, elongation at break, toughness,
and charpy impact strength reduces with increasing raster angles [99]. One approach to
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decrease the negative effect of raster angle on mechanical performance is to alternatively
align raster symmetrically with respect to the tensile load direction [100]. Casavola et al.
showed in their study that with increasing raster angle from 0 to 90, ABS has higher (i.e.
75%) anisotropy property than PLA (i.e. 55%) [101].
Build orientation causes more anisotropy in FFF printed parts compared to raster
angle. Torrado et al. conducted a comprehensive study on FFF printed ABS parts
including binary blending of ABS with styrene ethylene butadiene styrene (SEBS),
ternary blend of ABS with SEBS and ultra-high molecular weight polyethylene
(UHMWPE) and adding 5% of an additive (such as JUTE, MAYACROM® Blue, TiO2,
ZnO, SrTiO3, Al2O3). They examined ultimate tensile strength for both X and Z build
orientations and observed that tensile anisotropy decreased for ternary blend up to 22%
compared to 47% anisotropy of pure ABS part. In addition, they noticed that adding
additive or blending pure ABS FFF parts decrease both anisotropy and maximum
obtainable tensile strength [102]. Patadiya et al. examined the effect of build orientation
on tensile and impact properties of FFF printed PLA parts. They achieved a maximum
tensile strength of 38 MPa and 19 MPa in X (flat) and Z (upright) directions,
respectively. In addition, they reported higher anisotropy in impact strength (i.e. 246 J/m,
and 43 J/m in flat and upright directions, respectively) [103]. Based on data collected
from a large number of publications, FFF printed ABS (including its composite) and PLA
(including its composite) parts showed tensile anisotropy in a range of 42-67% and up to
55%, respectively [104]. However, other thermoplastic polymers including PEEK,
thermoplastic polyurethane, polyamide, polyethylene, and polypropylene showed less
than 20% tensile anisotropy.
Most of available studies on mechanical anisotropy of FFF filaments except PLA
and ABS examined raster angles rather than build orientations [104]. For example, FFF
printed PEEK parts revealed up to 80% tensile and flexural strength anisotropy when
compared to X and Z orientations [105].Young’s modulus and tensile strength for FFF
printed PLA reported lower than 40% and 91%, respectively, for upright orientation
compared to on-edge orientation [106]. Koch et al. investigated the effect of bead
orientation (i.e. raster angle) on mechanical anisotropy of FFF ABS printed parts and
achieved 72% and 92.3% of injection-molded for bead angle parallel and perpendicular
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to tensile load, respectively [107]. Hmeidat et al. reported similar mechanical anisotropy
concern for polymer resins [108].
Over the last decade, varieties of approaches have been examined by different
research groups to improve mechanical anisotropy of parts manufactured by the FFF
process. For example, a large number of studies focused on optimizing FFF process
parameters including Nozzle speed, filament type, raster angle, print bed temperature,
build orientation, infill density, nozzle speed, layer thickness, and nozzle diameter [106].
Levenhagen and Dadmun used a bimodal blend (mixture of high molecular weight and
low molecular weight) of PLA to decrease the build orientation effect on the mechanical
anisotropy. Their approach improved tensile module anisotropy significantly but not
necessarily tensile strength anisotropy [109]. This group also investigated mechanical
anisotropy in neat ABS and blend of ABS with 3 moles % of polymethyl methacrylate
(PMMA), 3 moles % styrene-co-acrylonitrile (SAN), and 3 moles % of PLA. All these 3
additives increased tensile modulus, but no significant tensile modulus anisotropy
observed neither in neat ABS nor its composites with additives. However, blend of ABS
with low molecular weight PMMA resulted in almost 40% improvement in tensile
strength anisotropy. This improvement obtained with a long process (i.e. masterbatch
process) for preparing ABS/3 moles % PMMA Blend [110]. Sabyrov et al. used a 5-watt
diode laser to preheat each deposited layer before the deposition of a new layer on top of
previous layer and reported only 10% improvement on FFF PLA printed samples.
However, they observed formation of holes and cracks in interfaces due to localized and
rapid laser heating process [48]. Infrared heating, another in-process preheating
technique, was used to increase interface temperature to above glass transition
temperature before the deposition of new layer on top of already cooled layer for big area
additive manufacturing of CF-ABS composite parts. The results of the above-mentioned
study showed that in-process pre-heating approach can increase interlayer bonding
strength through intermolecular diffusion. More than 100 J improvements in average
fracture energy were obtained with double cantilever beam (DCB) tests on Z-direction
samples. However, Z-direction tensile strength only increased 28% (around 14 MPa to
18MPa) [43, 111]. Bonding degree in thermoplastic coupons is through the two
mechanisms of intimate contact (ic), and autohesion (au):
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Where 𝐷𝑏 , is the product of the degree of intimate contact (𝐷𝑖𝑐 ) and the degree of autocohesion (𝐷𝑎𝑢 ), t is time, T is the absolute temperature of the interface, 𝑎 is a constant, P
is the applied pressure, and μ is viscosity (which reduces with temperature) [112].
It is widely reported that the level of bonding between adjacent filaments from
laminate and/or lamina mainly depends on the growth of the neck shaped between
adjacent filaments (also known as wetting process) and the molecular diffusion and
randomization at the adjacent filaments’ interfaces. Bond formation in FFF process of
polymers to some extend is like welding and sintering processes in polymers.
Bellehumeur et al. [113] modeled bond formation among filaments in FFF process and
evaluated the effect of process parameters on the level of inter-filaments bond formation.
Their modeling was based on polymer sintering experiments and extruded filament does
not stay at high temperature for long enough time, neck growth between adjacent
filaments was not complete and therefore, it was impossible to achieve complete filament
bonding in FFF process.
It was reported that mechanical anisotropy in FFF printed parts mainly was
related to weak interface bonding and void presence in internal structures [107].
However, there is no agreement on which parameter plays more a significant role.
Coogan and Kazmer [114] proposed five steps (surface rearrangement, surface approach,
wetting, diffusion, and randomization) healing model for FFF interface bond strength.
Wetting and diffusion play more significant role in healing process. Though these two
mechanisms work faster at higher temperature but still work with decreasing bond
temperature to glass transition temperature. In addition, their results reveled that there is a
strong interaction between layer width and layer height. Tronvoll et al. [115], showed
with an statistical approach that cross section reduction induced by voids contributes to
88% of experimental strnegh of FFF printed PLA samples. This implies that other factors
including interface bonding and fracture mechanics may play a minor role in mechanical
anisotropy performance. Tanikella et al. observed that for a variety of thermoplastic
filaments, tensile strength is a function of density [116]. Allum et al.’s study on single51

path thick FFF PLA printed Y- and Z-directions tensile samples demonstrated that
mechanical anisotropy in FFF printed parts mainly induced from extruded filament width
and height ration. Therefore, interface layer bonding does not play a significant role on
mechanical anisotropy [117]. McIlroy and Olmsted [118] discussed that the mechanical
strength of the bonding between adjacent layers is controlled by entanglement and interdiffusion of the melted filament across the adjacent filament beads interface. Some
studies attributed mechanical anisotropy to insufficient time for interface diffusion [89,
105], but recent finding demonstrated that, despite mechanical anisotropy occur in
experiments, reptation time is sufficient to get proper interfacial inter-diffusion of
polymer chains between adjacent extruded filaments [118]. Another study on FFF ABS
printed parts revealed that maximizing solidity ratio, which is related to the width and
height of extrusion beads, improves FFF printed parts’ tensile strength up to 97% of the
injection-molded counterpart [107]. Therefore, it seems focusing on reducing void
content approaches may be more relevant for dealing with mechanical anisotropy concern
of FFF printed parts.
Wu et al. studied polyamide 6 nanocomposite filaments for FFF printed parts.
They observed that extrusion multiplier influences homogeneity and surface finish of
parts by increasing extrusion multiplier in Simplify3D software from 0.95 to 1.05. They
found extrusion multiplier of 1 as an optimized extrusion multiplier for their study [119].
Gordeev et al. investigated the effect of structural defects and voids on gas and liquid
permeability (sealing property) in FFF parts. They concluded that filament feed rate, wall
structure defined by G-code, and wall geometry play main roles in sealing (i.e., wall
permeability) performance of FFF parts. Their experiment demonstrated that extrusion
multiplier plays a strong role in FFF part void content. Indeed, extrusion multiplier
changes fused filament flow rate through changing rotational speed of filament extruder
gears. In addition, they noticed that neither filament type nor extrusion temperature
significantly contribute to the FFF parts seal-ability performance and void content.
However, this is to some extent in contrary with temperature effect on polymer sintering,
interface bond formation, and molecular diffusion approaches [120]. To the best of author
knowledge, there is no reported comprehensive study on the effect of extrusion multiplier
on the mechanical anisotropy of FFF printed ABS parts. Therefore, in this chapter we
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comprehensively examined the effect of extrusion multiplier as a vital FFF process input
on the internal void formation and ultimately on the tensile properties and anisotropy of
ABS specimens manufactured by FFF process.

Materials, methods, and modeling

4.2.1

Materials

Green color ABS filament with diameter of 1.75 mm supplied by 3DXTECH™
was used as feedstock for FFF process and no drying process performed before extruding
filament. ABS plastic sheet supplied by McMaster-Carr® (part number: 8586K66,
dimensions: 152.4×152.4×12.7 mm, Color: Beige) was used for preparing injectionmolded tensile samples to be compared with additively manufactured samples.

Methods

4.3.1

FFF process

A R1Plus desktop 3D printer from ROBO 3DTM was utilized for fabricating the
required samples for this study. Simplify3D software was used to slice 3D CAD models
and process parameter set ups. 6×22×120mm samples (Figure 25-a) were printed in both
X and Z directions, then machined to obtain type IV tensile samples per standard ASTM
D638. 10×10×100 mm samples with a V-notch in both X and Z directions were printed
for preliminary evaluation of process parameters’ effect on internal void structure (Figure
25-b).
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b

Figure 25. a) initial tensile samples, b) V-notch samples in X and Z orientation

FFF process parameters are summarized in Table 4Table 4. Tensile test includes
42 randomly printed samples at three levels of extrusion multiplier (i.e., 1, 1.1, and 1.2)
(i.e., 21 tensile samples printed parallel to bed plate (flat) and 21 tensile samples
perpendicular to bed plate (upright)). In other words, sample size for tensile test was 7.
To prevent warping of FFF printed ABS samples, glass print bed was covered with a
Kapton adhesive tape and ABS/Acetone juice was sprayed on tape.

Table 4. FFF process parameters
Process parameter
Nozzle Temperature (°C)
Bed Temperature (°C)
Print speed (mm/s)
Layer thickness (mm)
Extrusion multiplier
Extrusion width(mm)
Nozzle diameter (mm)
Infill pattern and percentage

Value
250
105
50
0.2
1,1.1,1.2
0.48
0.4
Rectilinear, 100%
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Number of perimeters
Cooling fan speed
Perimeter
Solid top bottom layer

4.3.2

0
0 (i.e., off)
0
0

Optical Microscopy

Required optical evaluation on internal structures and tensile samples fracture
surface were conducted by utilizing a Dino-Lite Edge plus AM4517MZTL digital
microscope and Dino Capture 2.0 software.

4.3.3

Dimensional accuracy and printability

FDM assessment protocol test geometry (Figure 26) was utilized to examine the
performance of FFF printer (i.e., ROBO 3D R1 plus). All printing parameters were fixed
at default settings in Simplify3D software, but extrusion multiplier parameter varied
between 1 and 1.2.
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Figure 26. FDM assessment protocol test geometry

4.3.4

Mechanical properties characterization

The effect of different extrusion multiplier and build direction on the tensile
properties was investigated through tensile testing of at least five samples of each
case. All the tests were performed according to the ASTM standard using MTS
Criterion® Series 40 Universal Test System equipped with 50 KN load cell. A
constant crosshead speed of 5 mm/min was applied during the test in accordance with the
ASTM D638. MTS extensometer of gauge length of 25.4 mm was used to measure the
strain. The specimen was loaded until the complete fracture. Type IV specimen with the
dimension as shown in Figure 25-a was prepared through machining of printed
bar, creating the gauge section of 8×6.5×3.2 mm. The tensile strength and modulus for
the printed specimens (machined and non-machined) were calculated and compared with
the value of injection-molded specimens.
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4.3.5

Micro-computed tomography (µCT)

X-ray micro-computed tomography (µCT) was conducted by a microXCT 400
Zeiss scanner to characterize the void content on Z-direction printed specimen with
different extrusion multiplier. High resolution 5 µm scans were used for analysis with
sample length of 7mm and cross section of 3×6 mm from the gauge section. One scan
was collected per specimen, generation of 3D model of the specimen for the
quantification of the void content was performed with the Dragonfly® software. The void
content was analyzed by processing the images in ImageJ software to isolate the void
regions of each slice.

4.3.6

FEA modeling setup

Abaqus 2020 software from Dassault Systemes SIMULIA Corp was utilized for
finite element analysis (FEA) of a representative unit cell (RUC) in such a way that an
interface void (either triangle or diamond) to be positioned in the middle of RUC. For
creating RUC with triangular voids, node coordinates for the bottom and top sides of
rectangular element were manually created. Similarly, nodes were created for right and
left sides of base and apex of triangle. Then, by using Abaqus nfill command and bias
with value of 1.1, other nodes and elements were generated for four regions including the
bottom of triangle base, top of triangle apex, right side of triangle, and left side of
triangle. In a similar way, for RUC with diamond void, nodes and elements were
generated for 6 regions. Then, mesh convergence was validated by refining mesh size for
all RUC. Element type for modeling was generalized plane strain element (CPEG4).
Required inp. format file was prepared, and results were investigated via Abaqus viewer.
Material elastic and plastic properties were derived from experimental tensile strength on
FFF printed ABS tensile specimens and were incorporated in the FEM model.
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Results and Discussions

Although, utilizing sandpapers and polishing is a common technique to reveal
internal structure and morphology of materials [90, 115], our preliminary studies revealed
that this process may fill internal voids with sand and polish particles and therefore make
it difficult to detect the actual size of voids in FFF process specimens. Scanning electron
microscopy (SEM) is also widely implemented to characterize internal structure or void
morphology and size of FFF parts [121]. Micro CT is another characterization option for
more depth study of void structures of FFF samples [90]. Both SEM and Micro CT are
time consuming and expensive characterization techniques compared to optical
microscopy technique. In this study, it turned out that printing a 10×10×100 mm sample
with V-notched geometry is a fast and robust destructive approach to examine internal
structure and voids of FFF parts. This approach may be easily utilized to examine and
optimize FFF process parameters effect on internal structure of polymer parts before
moving to more expensive post-print characterization techniques including SEM, µCT,
tensile test, impact test, flexural test, etc.

4.4.1

Internal void structure with optical microscopy

Figure 25 displays three levels of extrusion multiplier effect (i.e., extrusion rates
of 1, 1.1, and 1.2, respectively) on the internal structure of FFF printed ABS V-notched
samples at both X and Z directions, respectively, for nozzle temperature of 250 °C which
is a proper temperature for this filament [122]. As shown by Figure 25, with increasing
extrusion multiplier, continuity, quantity, and size of voids decrease. Additionally,
morphology of void changes from diamond predominant to triangle predominant with
increasing extrusion multiplier. It is widely accepted that interface bond formation
between two adjacent filaments consists of four steps including surface contacting, neck
growth, diffusion at interface, and randomization [123]. Comparing void and internal
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structure of FFF ABS samples, it seems higher extrusion multiplier may generate more
force in filaments interface. Therefore, it may cause at least surface contacting and neck
growth stages to be completed more concurrently and in some beads do not touch all of
its adjacent neighbors at extrusion multiplier of 1 [114]. As Figure 27 a-c show, with
increasing extrusion rate from 1 to 1.1 and then up to 1.2, void morphology and size
changed considerably. At lower level of extrusion multiplier, diamond and triangle voids
are easily visible. Some open voids in the bottom side of specimen are related to first
layer adhesion and bed leveling issues. At a moderate level of extrusion multiplier (i.e.,
1.1), very smaller triangle voids are present in microstructure. At a higher-level extrusion
rate (i.e., 1.2), void content and size significantly decrease, therefore even at higher
magnification (i.e., beyond 100×), it is difficult to observe the void presence. Fracture
surface at higher level of extrusion multiplier to some extent resembles injection-molded
samples fracture surface. It should be noted that there is a tradeoff between extrusion
multiplier effect and other properties including dimensional accuracy and surface
roughness. Therefore, for any specific polymer and 3D printer, optimized extrusion
multiplier can be found to maximize mechanical performance of FFF parts. Numerous
studies’ results on FFF parts internal structure are very similar to the morphology of
extrusion multiplier of 1 since rarely extrusion multiplier is considered as a major process
parameter [119, 120]. Since very high nozzle temperature may lead to more dimensional
inaccuracy or filament degradation, therefore, mechanical performance of FFF ABS
printed parts will be examined at the only nozzle temperature of 250 °C in the following
sections. It has been widely reported that the history of interface temperature plays a
significant role in developing the level of inter-filament bonding [124]. But current result
reveals that if interface temperature is well beyond glass transition of filament, then
quality of contact between adjacent filaments may play more critical role in faster
developing of interface bonding and eventually mechanical performance of FFF parts. It
was reported that pressure on the interface of FFF printed parts is a function of
volumetric flow rate, viscosity of filament through nozzle, printed layer width, printed
layer height, and flow length in the nozzle [114]. It seems pressure in FFF process on
interface bonding is less than 5 MPa compared to injection molding process pressure
which is beyond 70 MPa. It is believed that increasing extrusion multiplier resulted in a
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linear increase of volumetric flow rate and a non-significant increase of pressure.
Therefore, main effect of extrusion multiplier may be attributed to decreasing size,
morphology, and quantity of internal voids and also linear elastic fracture mechanics of
specimen [125].

a

b

c

d

e

f

Figure 27. Effect of the extrusion multiplier (EM) on the internal structure of FFF
parts, perpendicular to the X (top three figures) and Z (bottom three figures) directions,
respectively. (a and d: EM=1, b and e: EM=1.1, c and f: EM=1.2).

From interface bonding perspective, higher printer nozzle temperature is more
effective. However, maximum practical nozzle temperature is constrained with filament
degradation temperature. Higher nozzle temperature also may result in dimensional
inaccuracy and interior surface quality [126]. Therefore, in the following sections, only
the effect of nozzle head temperature (250 °C) on mechanical performance will be further
investigated. Koch et al. defined a solidity ratio for printed bead which is ratio of crosssectional area of an ellipsoid printed bead to the area of a rectangular box that inscribes
this bead. In case two adjacent beads contact each other, minimum theoretical solidity
ratio is π/4. They improved solidity ratio by adjusting the contact pressure on the feeding
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gear of filament extruder [107]. It can be concluded that both contact pressure and
extrusion multiplier effects can be correlated to filament volumetric flow rate which play
a major role in decreasing void content (increasing solidity ratio).
Figure 28 shows extrusion multiplier effect on tensile fracture surface
morphologies of tensile samples at both X and Z directions. In general, tensile fracture
surface reveals behavior like fracture surface of V-notched samples in Figure 27. This
confirms there is no need to print costly specimens with FFF process then check internal
structure. At lower extrusion multiplier, distinguished intra layer failure is evident but at
higher extrusion multiplier, non-planner fracture is present.
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Figure 28. Effect of the extrusion multiplier (EM) on the internal structure of
tensile FFF parts, perpendicular to the X (top three figures) and Z (bottom three figures)
directions, respectively. (a and d: EM=1, b and e: EM=1.1, c and f: EM=1.2).
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4.4.2

Tensile properties

From the beginning of the development of FFF process, it was evident that
anisotropy in mechanical properties of FFF process was a challenge due to layer by layer
nature of this AM process. Therefore, mechanical anisotropy has been evaluated from a
variety of perspectives with the focus on the interface bonding strength improvement.
Mechanical performance of FFF parts are commonly compared to injection-molded
counteparts though these are two different manufacturing processes. Approaching to
injection-molded sample performance is only a reference line for FFF printed parts
performance, therefore, in this study, tensile properties of injection-molded samples are
also measured and reported.
Figure 29 through Figure 32 show the effect of the extrusion multipliers and build
orientations on engineering tensile properties of FFF printed ABS specimens.
Figure 29 displays strain-stress curves for three levels of extrusion multipliers and
two build orientations along with the tensile curve for injecton-molded specimen.
Injection-molded sample reveals higher strength and FFF printed sample in Z direction
with extrusion multiplier of 1 showed the lowest strength. However, closeness of stressstrain curves for X and Z orientation samples at extrusion multiplier of 1 and 1.2 implies
improvement of tensile anisotropy at a higher level of extrusion multiplier. As Figure 30
shows, increasing the extrusion multiplier resulted in a minor improvement (i.e., 10%) on
the tensile strength in X orientation. However, an extrusion multiplier increase has a
statistically significant effect on the tensile strength improvement (i.e., 50%) in Z
orentation. This improvement is in line with trend observed in Figure 27 and Figure 28.
Another important trend that can be observed from Figure 30 is that the ratio of tensile
strength in Z orientation to tensile strength in X orientation increased from 68% for the
extrusion multiplier of 1 to 85 % for the extrusion multiplier of 1.1 and eventually, to
93% for the extrusion multiplier of 1.2. In other words, increasing the extrusion
multiplier can improve isotropy of FFF process significantly. Depending on the injectionmolded process parameters, tensile strength of injection-molded ABS parts can vary
between 34 MPa to 43 MPa [125]. Therefore, it is not accurate to make any strong
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decision on the relation of FFF printed ABS to injection-molded counterpart tensile
properties. In addition, Singh et al. [127] studies on tensile properties of ABS feedstock
for FFF process implies that elastic modulus of filament is close to the printed part,
however, tensile of filament varies significantly in a range of 20 MPa-50 MPa for ABS
filament. Therefore, it is expected that the maximum tensile strength of an FFF printed
part ,when load is in the raster direction, to be limited to actual strength of single
extruded filament and not to strengh of an injection-molded counterpart.
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Figure 29. Effect of build orientation and extrusion multiplier on tensile stressstrain curves
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Figure 31 displays effect of extrusion multiplier and print orientation on tensile
modulus of FFF printed ABS tensile samples. It was reported that specimen orientation
does not change elastic modulus significantly [96, 128], and results of Figure 31 reveals
some positive effect of extrusion multiplier on elastic modulus anisotropy. Gonabadi et
al. observed that for FFF PLA parts, both tensile strength and modulus increase with
increasing infill density [106]. Figure 32 displays the effect of extrusion multiplier and
print orientation on failure strain of FFF printed ABS tensile samples. Tensile strength,
Young’s modulus, and failure strain of injection-molded ABS samples are around 1.30,
1.15, and 2.5 times, respectively, higher than FFF printed ABS samples and very close to
a previous study [107]. Somireddy and Czekanski reported similar flexural strength for
FFF ABS printed samples but in the best case, they achieved to 62% of X orientation
flexural strength for samples in Z orientation [129]. Provided fracture surfaces in their
study are similar to fracture surface for extrusion multiplier of 1 of current study, so this
level of reported anisotropy to some extent is attributed to non-optimized process
parameters and high level of internal voids contents.

4.4.3

Micro-computed tomography (µCT) and internal void structure

Result of μCT analysis was conducted on 3 samples (i.e., extrusion multiplier 1,
1.1, 1.2, respectively) printed in Z-orientation. Lower mechanical properties in particular
at lower extrusion multiplier are related to the presence of voids in the FFF printed
specimens [96]. Some variation in material deposition and bead width are evident at
lower extrusion multiplier levels of 1 and 1.1. This variation is a root cause for inferior
mechanical properties and anisotropy of FFF printed samples [130]. Comparing three
cross sections parallel to print bed, it can be concluded that with increasing extrusion
multiplier, both variation and width of voids significantly decreased. That means
variation in extruded filament size also plays a role in tensile strength of printed part
[127]. Interface bond formation investigation through neck formation approach, by
combining a Newtonian polymer sintering model and heat transfer model, revealed that
neck growth and bonding between adjacent filament beads may occur in a very short
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period (i.e., less than 2 seconds) [126, 131]. Meaning that for FFF process, void
formation is dominant rather than bond formation in inducing mechanical anisotropy.
Higher extrusion multiplier can cause higher pressure on filament interfaces and
decreasing the distance between filaments can increase the sintering rate [132]. The
proposed models for sintering processes mainly assume particles or grains interfaces for
developing coalescence rate at a specific temperature. In FFF process, adjacent filament
beads come in contact and printing new layer also exerts heating cycles on previous
layers, so it can facilitate beads coalescence speed [88]. Result of μCT analysis agreed
with results from optical microscopy though it is believed that μCT results are more
precise. ImageJ analysis on 20 μCT images showed that extrusion multiplier of 1 resulted
in void density of 4.45% with the standard error of 0.1. However, with increasing printing
extrusion multiplier to 1.1, ImageJ analysis on 20 μCT images revealed only void density
of 0.316% with the standard error of 0.004. Further increasing extrusion multiplier to 1.2
resulted in very small size voids, therefore, it is not practical to calculate void density
from relevant μCT images. Figure 33 shows μCT results of an ABS FFF fabricated
tensile specimen in Z orientation at the extrusion multiplier value of 1. Combination of
the triangle and diamond shape voids are visible in Figure 33-a. Figure 33-b shows top
view and Figure 33-c side view of the measured part, respectively. Figure 33-b shows
long channel of voids from top view. Figure 34 shows μCT results of an ABS FFF
fabricated tensile specimen in Z orientation at extrusion multiplier value of 1.1.
Comparing Figure 33 and Figure 34, confirms that increasing extrusion multiplier
decreases the void size, significantly.
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Figure 33. μCT results on a specimen with extrusion multiplier of 1
(a: 3D view, b: side view, c: top view)
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c

Figure 34. μCT results on a specimen with extrusion multiplier of 1.1 (a: 3D
view, b: side view, c: top view)

4.4.4

Dimensional accuracy

69

Messimer et al. reported a large set of data on dimensional accuracy of more than
ten common filaments in FFF process. Their results prepared at a specific level of the
FFF process parameters including nozzle temperature, bed temperature, print speed, and
nozzle type, and nozzle type size. However, these available data can be used as starting
point for the evaluation of dimensional accuracy of FFF process [133]. Kickstarter and
Autodesk have developed standard test geometry to assess the FFF 3D printer’s
performance [40]. This proposed test geometry can detect various problems in an
integrated 3D printer both quantitatively and qualitatively. This printed single part
enables printer operator to evaluate dimensional accuracy, fine features flow control, Zaxis alignment, XY ringing, negative feature resolution, bridging, and overhangs. Figure
35 shows geometry test samples that were printed at three levels of extrusion multiplier
(i.e., 1, 1.1, and 1.2).

EM: 1

EM: 1.1

EM: 1.2

Figure 35.Effect of extrusion multiplier on the FFF assessment protocol test
geometry

Table 5 shows detail of assessment protocol and final score for 3D printer that
used for this study with reference to performance of parts printed in Figure 35.

70

Table 5. FFF Assessment Protocol.
Extrusion multiplier

1

1.1

1.2

Dimensional Accuracy

5

5

5

3.5

4

4

Fine Negative Features

3

2

2

Overhangs

3

3

3

Bridging

1

1

1

XY Resonance

0

0

0

Z-axis alignment

2.5

2.5

2.5

Scoring

18

17.5

17.5

Fine Flow Control

As observed in Table 5, though the highest possible score for this assessment is
30, but scores around 20 is not uncommon. For example, scores 18 and 22.5 were
reported for Makerbot Replicator 2 and Prusa i3 MK3 scores 22.5, respectively. Figure
26 shows the 3D model of this test geometry along with the effect of extrusion multiplier
on this test geometry. As mentioned earlier, this assessment approach is both qualitative
and quantitative. Figure 36 shows information on quantitative portion of this assessment
protocol (i.e., dimensional accuracy). In fact, data for Figure 36 comes from outside
diameter measurement of 5 concentric printed cylinders on Figure 35. As evident from
Figure 36, with the increasing printed cylinder diameter, measured values approach 3D

model dimension [133]. In other words, it can be concluded that higher thickness of the
FFF printed ABS part is less dependent on extrusion multiplier, however at lower
thickness, some adjustment on 3D model dimensions is required to compensate negative
extrusion multiplier effect on the dimensional accuracy. Santana et al. examined
extrusion rate at levels of 0.5, 0.9, 1 on FFF printed PLA cubes (15×15×15 mm), and at
extrusion multiplier of 1, observed some dimensional instability [134].
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Figure 36. Effect of extrusion multiplier on printed concentric cylinders outside
diameters

Table 6 shows theoretical and 3D printed volumes of ABS samples printed in
both X and Z orientations at three levels of extrusion multipliers. Theoretical volume
(15840 mm3) was calculated from CAD model with dimensions of 6×22×120 mm. Actual
volumes were calculated with measuring average of width, thickness, and length at 7
locations on the printed samples. As Table 6 shows, actual volumes in both X and Z
orientations are lower than theoretical volume. In other words, printing in X and Z
orientations showed 8.4% and 29% shrinkage, respectively. This can be attributed to
shrinkage behavior of ABS polymer [47, 102].
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Table 6. Volume change of FFF 3D printed ABS samples.
Property

EM = 1

EM = 1.1

EM = 1.2

Theoretical volume

15840 mm3

15840 mm3

15840 mm3

Actual volume (X sample)

14509

14697.4

15458.4

Actual volume (Z sample)

11236.7

11732.8

12522.9

Figure 37 shows the effect of extrusion multiplier on dimensions (i.e., width,
thickness, and length) of samples printed in X and Z orientations. It is evident from Table
6 that with increasing extrusion multiplier level, shrinkage decreases in both X and Z
samples. However, Figure 37 shows that dimensions slightly change with variation of
extrusion multiplier. In addition, print orientation has significant effect on both thickness
and length but not on the width. It worth mentioning that due to significant shrinkage of
ABS polymer during FFF process, increasing of extrusion multiplier not only has no
negative effect on dimensional accuracy but also to some extend decreases the level of
shrinkage in ABS 3D printed parts. In addition, with increasing extrusion multiplier from
1 to 1.1 and then to 1.2, it is expected that specimen weight to be increased 10% and 20
%, respectively. But in practice, it was increased around 9 % and 14%, respectively. In
other words, with increasing extrusion multiplier from 1 to 1.1, actual weight increased
(9%) which is very close to the theoretical weight increase (10%). However, with
increasing extrusion multiplier from 1.1 to 1.2, actual increase in weight was
approximately 5%, though theoretical value of 10% was expected. Void reduction with
extrusion multiplier is not unlimited and with increasing to higher level, percentage of
void reduction decrease and slippage on FFF gear occurs. In other words, there is a
tradeoff between extrusion multiplier effect and sustaining dimensional accuracy.
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Figure 37. Effect of extrusion multiplier on printed dimensions
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4.4.5

Finite Element Analysis (FEA) results

Figure 38 shows the FEA results with ABAQUS. For specimen printed with
extrusion multiplier of 1.2, very small void size was obtained which was not detectable
using optical microscopy and µCT images. Therefore, it is assumed specimens are with
no volume void fraction. Based on the measured and calculated void volume fraction
from µCT data and observation from optical microscopy, void to representative volume
element ratio of 0.35% for specimens printed with extrusion multiplier of 1.1 was
considered. In addition, specimens printed with extrusion multiplier of 1 revealed mixture
of triangle and diamond voids, therefore for modeling this case, void to representative
volume element ratio of 4.5% considered for pure triangular voids and pure diamond
voids. Figure 38-a displays stress distribution in Z orientation for specimen with 0.35
triangular void. As evident from stress contour plot, maximum stress concentration
occurs at triangle base corners. In fact, these areas are in interface bonding plane between
two consecutive layers of print. Figure 38-b shows stress consideration in Z orientation
for a larger triangular void inside a representative volume element. Comparing Figure 38a and Figure 38-b, with increasing triangular void size, area of highest stress
concentration and not necessarily level of stress concentration increases. This expanded
stressed area influence stress-strain behavior of FFF printed specimens. Figure 38-c
shows stress consideration in Z orientation for a larger diamond void inside a
representative volume element. Comparing Figure 38-b and Figure 38-c, at the same level
of void volume fraction, triangular voids are more detrimental to mechanical performance
than diamond voids.
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Figure 38. Contour plot and stress distribution in Z direction (a: 0.35% triangle
void density, b: 4.5% triangle void density, c: 4.5% diamond void density).

Figure 39 shows the FEA simulation results on tensile behavior (in Z orientation)
of FFF printed ABS specimens with different density and type of voids. At first step, it is
assumed that tensile specimen printed in Z orientation with extrusion multiplier of 1.2 has
mechanical performance like a void-free specimen, therefore elastic and plastic properties
from this experiment incorporated in Abaqus models. As evident from Figure 39, having
0.35% void in model (like void density of extrusion multiplier of 1.1) just predicts a
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decrease in transverse tensile strength by around 5%, however, comparing relevant
experimental data (Figure 29 and Figure 30), by decreasing extrusion multiplier from 1.2
to 1.1, transverse tensile strength decreases around 12%. This implies that (at this level of
void density) void presence contributes to up to 40% of anisotropy and weak interface
bonding contributes to 60% of anisotropy. Figure 39 also reveals that model with 4.5%
triangle voids (like extrusion multiplier 1) predicts a decrease in tensile strength by 19%.
In experimental case (Figure 29 and Figure 30), decreasing extrusion multiplier from 1.1
to 1 result in 23.5% strength reduction. With increasing void size, void presence plays far
more significant role than interface bonding on anisotropy performance (void presence
with 80% contribution, weak interface bonding 20% contribution).
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Figure 39. FEA simulation results.
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Conclusion and future work

This study demonstrated that extrusion multiplier plays a crucial role in
mechanical properties of FFF printed ABS parts and tensile anisotropy between parts
printed in X and Z orientations can be decreased by increasing extrusion multiplier factor.
Therefore, implementing optimized extrusion multiplier result in lower internal void
content can reduce mechanical anisotropy of FFF process. This process improvement
eventually expands FFF process applications in end-use parts. It should be noted that
filament volumetric flow rate plays a direct role in mechanical anisotropy of FFF printed
parts and should be optimized for obtaining minimum internal void content, but in
practice, filament flow rate can be indirectly adjusted with extrusion multiplier. In
addition, the effect of extrusion multiplier and filament volumetric flow rate need to be
investigated for other FFF feedstocks. It is also observed that any variation in extruded
filament diameter may result in variation in size of induced internal voids. Another
conclusion from this study is that printing V-notched rectangular sample can be a very
fast and low-cost technique for rapidly diagnosing of FFF parts internal features and
optimizing process parameters. Both weak interface bonding and void presence
contributes to anisotropy of FFF printed tensile specimen. Modeling results revealed that
with increasing void density and size, effect of void on anisotropy increases but effect of
interface bonding decreases.
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Fracture Toughness of Material Extrusion Additively
Manufactured Acrylonitrile Butadiene Styrene (ABS) Parts

Abstract: At the early stages of development of additive manufacturing processes the
main applications were prototyping. With the rapid advance of AM techniques, they have
been increasingly implemented for the fabrication of end-use components. Utilizing AM
fabricated parts for industrial applications necessitates a deeper understanding of the
mechanical performance of these parts under different loading conditions. Fused filament
fabrication (FFF) or material extrusion (ME) is one of the widely used AM technologies,
especially for polymers and polymer composites. Understanding fracture toughness, as a
major design parameter, can increase engineering applications of FFF-printed polymeric
parts. Following the investigation of tensile properties in the previous chapter, this
chapter investigates the effect of print orientation on the mode I fracture toughness of
FFF-printed acrylonitrile butadiene styrene (ABS) specimens per the ASTM D5045
[135]. The nature of fracture surfaces examined with optical microscopy for a better
understanding of crack propagation in the presence (or absence) of internal voids.
Results showed that both FFF and injection-molded ABS parts exhibit an elastic-plastic
behavior. In addition, build orientation has a less significant impact on fracture toughness
compared with tensile strength.
Keywords: Mode I fracture toughness, Fused filament fabrication, ABS

Introduction

Fracture toughness measures the resistance of materials to crack propagation and
is a key parameter in engineering design. Materials can fracture at loads lower than that
predicted by the theory due to the presence of voids, cracks, or porosities in actual
components [136]. In additively manufactured parts, this is prevalent due to the presence
of voids and parts’ anisotropic structure. Most fracture toughness studies have focused on
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thermoplastic polymers rather than thermoset polymers [137]. FFF, SLS, and binder
jetting are among the main polymer AM processes that have been the subject of fracture
toughness studies [67, 137-139]. Quasi-static, impact, and dynamic testing methods have
been reported based on numerous ASTM standards, making it difficult to compare
fracture toughness studies [140]. The single-edge notch bending (SENB) test is among
the more frequently implemented quasi-static test methods used in fracture toughness
studies. For example, Hitt et al. used SENB specimens to compare the fracture toughness
of injection-molded and selective laser sintered Nylon-12 coupons [141]. Their results
revealed that injection-molded and SLS specimens undergo an initial linear elastic
deformation but eventually yield with plastic deformation. They also reported that the
energy required to initiate crack growth increases with specimen thickness for SLS parts,
but it decreases for injection-molded ones.
The effect of printing layer orientation on the fracture properties of FFF-printed
ABS polymer has been studied by Hart and Wetzel [142, 143]. They showed that fracture
toughness inside layers (translaminar fracture toughness) is one order of magnitude
higher than fracture toughness between layers (interlaminar fracture toughness). It should
be noted that they machined an arrest hole in front of crack path which may cause results
comparison difficult. Sharafi et al. [137] reviewed parameters that contribute to the
fracture toughness of polymer and polymer composites manufactured through FFF. Any
parameter that can improve interlayer bonding strength in the FFF process will likely
have a positive impact on interlaminar and translaminar fracture toughness as well. Most
fracture studies on the FFF process utilize standards (e.g., ASTM and ISO) that were
developed for conventionally fabricated parts. However, the inhomogeneous and
anisotropic nature of FFF parts cause uncertainty when using methods that were
originally developed for non-AM processes. Young et al. reported that FFF ABS FFF
fabricated parts have weaker fracture toughness ,in intralayer and interlayer regions,
compared to hot press molded (HPM) parts [144].
Fracture surfaces may exhibit features of ductile or brittle behavior. Quasi-brittle
fracture is also common in polymer and composite parts. In this condition, the specimen
exhibits some plastic deformation, but it is mainly related to micro-cracking damage
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rather than plastic deformation. Brittle fracture in FFF parts occurs when the stored
energy in the tip of a crack is enough to create a new surface (crack). In quasi-brittle and
ductile fracture, plastic deformation consumes a portion of the energy applied to a part
[137]. If an AM polymer part develops a localized region of plastic deformation, in
tensile or fracture toughness testing, then ductile failure is possible. This type of failure is
associated with an irregular fracture surface. This type of pure ductile fracture in FFF
parts is rare with presence of weak interfaces. On the other hand, pure brittle fracture may
occur when cracks initiate and propagate in FFF structures without any plastic
deformation [142].
The presence of defects in FFF parts plays an important role in both ductile and
brittle fracture toughness. Voids in FFF parts may contribute to a complex behavior by
either initiating cracks or blunting their tips [137]. In FFF, process parameters influence
void content, void shape, and interface bonding, and eventually these parameters impact
fracture toughness. Bonding and diffusion between two consecutive layers in FFF (a
newly deposited layer with higher temperature on an already solidified layer with a lower
temperature) plays a key role in fractur response of FFF parts. Increasing deposition
speed can decrease the temperature gradient between layers. On the other hand, higher
deposition speeds may lead to more voids and defects between printed beads. Nozzle
geometry and filament properties are other factors that contribute to the fracture
toughness of FFF components. Hart et al. [67] reported that using confined thermal
annealing as a post-process significantly improves interlaminar fracture toughness of FFF
ABS parts. Their study only compared confined thermal annealed specimens with nonannealed specimens. it is not clear from their study whether nonconfined post-annealing
may also lead to any improvement in interlaminar fracture toughness. Mechanisms of
melt bonding in interfaces of thermoplastic polymers have mainly been investigated on
non-AM processes such as welding and injection molding and have rarely been examined
in detail on polymer AM processes including FFF [145-147]. It is not always accurate to
predict and explain the interface bonding in FFF using the theory developed for non-AM
processes, because their thermal histories of bond formation is not the same. Indeed,
despite having general simplicity, FFF inherits a complex thermomechanical history at
interfaces. Interface bonding determines the mechanical performance of FFF parts,
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including their fracture toughness. Weak interface bonding and anisotropic mechanical
properties of FFF-printed parts demonstrate that FFF suffers from either insufficient
intimate contact, interface diffusion, or both. The contributions of these parameters are
not clearly understood. Young et al. developed a modified double cantilever beam test to
examine interlayer fracture toughness of FFF ABS samples [144]. Their study compared
the fracture toughness of FFF with hot-press molded ABS and short carbon fiberreinforced ABS and concluded that the presence of voids in FFF parts is a major
contributor to reduced fracture toughness. Fracture toughness of approximately 3
𝑘𝐽⁄𝑚2 and 1.5 𝑘𝐽⁄𝑚2 were reported for FF and HPM ABS, respectively.
Sedighi et al. [138] investigated flexural, tensile, and mode I fracture toughness of
FF PC parts and observed higher anisotropy in both tensile and flexural strength and
lower anisotropy in fracture toughness. Samykano et al. [148] reported toughness (energy
absorption) of 2.28 𝐽⁄𝑚3 for FFF ABS using optimized parameters (layer height:0.5
mm; infill density: 80%; raster angle: 65˚).
To the best of author’s knowledge, there is no reported systematic study on
examining the build orientation effect on fracture toughness of ABS parts. To this end,
impact of build orientation on the fracture properties of FFF fabricated ABS specimens
was examined through the three-point bending test and compared with fracture properties
of injection-molded ABS specimens.

Material and Methods

Following the ASTM D5045-14 (Standard Test Methods for Plane-Strain Fracture
Toughness and Strain Energy Release Rate of Plastic Materials), 8 ABS SENB
specimens were printed for each orientation (a total of 24 specimens for the X, Y, and Z
orientations) and 6 injection-molded specimens were prepared. Then a crack pre-notch
was machined on specimens and, a razor blade was used to initiate a sharp crack on the
tip of the pre-notch [149, 150]. The initial dimensions of the printed and injection-molded
specimens were 13×26×115 mm. The testing machine was an MTS Criterion Model 43
with a 50 KN load cell. Testing was performed with a three-point bending fixture with 10
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mm diameter rollers. The lower fixture had a span of 89.9 mm. Displacement was
measured using the crosshead movement. The tests were carried out at a crosshead rate of
10 mm/min at room temperature. A Nikon D5600 camera with a Sigma 105mm 1:2.8 DG
Macro HSM lens was used to examine the fracture surface. Images were taken at a 10 cm
distance from the lens while autofocus was used. All printing parameters were the same
as those used for the preparation of the tensile samples described in the previous chapter.
Figure 40 shows SENB configuration for both FFF and injection-molded specimens.

Figure 40. SENB coupon geometry.

Figure 41 (a) shows 7 FFF-fabricated ABS SENB specimens with crack pre-notch
plus razor notch in the X orientation (26x115 mm side on print bed and raster angle in
115 mm side direction). Figure 41 (b)shows 7 FFF-fabricated ABS SENB specimens
with crack pre-notch plus razor notch in the Y orientation (26×115 mm side on print bed
and raster angle in 26 mm side direction). Figure 41 (c) shows 7 FFF-fabricated ABS
SENB specimens with crack pre-notch plus razor notch in Z orientation (13×26 mm side
on print bed and raster angle in 26 mm side direction). Figure 41 (d) shows 7 injectionmolded ABS SENB specimens with crack pre-notch plus razor notch.
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d

c

Figure 41. FFF-fabricated ABS SENB Injection-molded ABS SENB specimens
with crack pre-notch plus razor notch (a: FFF-fabricated in X orientation
fabricated in Y orientation

c: FFF-fabricated in Z orientation

b: FFF-

d: Injection-molded)

Figure 42 shows an FFF ABS SENB specimen under three-point bend testing
both in early (a) and late stage of applying the load (b).
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b

a

Figure 42. Three-point bending test (single-edge notch bending samples) setup at
early (a) and late (b) stages.

Results and Discussions

Figure 43 shows the FFF specimens in X orientation after of SENB testing. There
is no crack deflection or bridging and crack paths for all specimens are almost straight.
This indicates that print orientation does not impact crack path and that FFF and
injection-molded specimens have similar straight crack paths. This also implies that the
SENB sample preparation was effective and reliable. The white areas around the crack
paths are due to plastic deformation [151].
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Figure 43. Crack paths on SENB specimens FFF-fabricated in X orientation after
completion of test.

Figure 44 shows FFF-fabricated ABS specimens in Y orientation after completion
of SENB testing. Like X orientation, specimens’ behavior is evident in the Y-orientation
printed specimens.
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Figure 44. Crack paths on SENB specimens FFF-fabricated in Y orientation after
completion of test

Figure 45 shows FFF-fabricated ABS specimens in Z orientation after completion
of SENB testing.
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Figure 45. Crack paths on SENB specimens FFF-fabricated in Z orientation after
completion of test

Figure 46 shows injection-molded ABS specimens after completion of SENB
testing. Similar results have been reported on bulk ABS SENB specimens [151]. The
white plastic stress zones around the crack paths show cavitation failure and plastic
crazing phenomena.
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Figure 46. Crack paths on injection-molded SENB specimen after completion of
test

Comparing Figure 43 through Figure 46, there is no crack deflection or bridging,
and crack paths for all specimens are straight, indicating that print orientation does not
impact crack path and FFF specimens. Injection-molded specimens have similar straight
crack paths. This also implies that the preparation of the SENB samples was reliable.
Also, in all specimens, crack paths are parallel to the crack plane.
Figure 47 shows load versus crosshead displacement for 8 FFF-fabricated ABS
fracture toughness for samples printed in the X orientation (length of fracture toughness
specimen parallel to X orientation of print bed and raster in X orientation of print bed).
As it is evident from these load versus displacement curves, the maximum load is around
900 N. Peres et al. attributed lower scatter in fracture results to low deformation razor
pre-cracking of the fracture toughness specimens [152]. Both crack tip displacement and
load line (crosshead) displacement are utilized in SENB fracture toughness tests [153].
The load line displacement method was used in the current study. These maximum load
reveals at least 100% improvement compared to the Hart and Wetzel study on FFFfabricated fracture toughness, with similar reported FFF process parameters [143].
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Figure 47. Load versus crosshead displacement curves for FFF-printed ABS
specimens in the X orientation

Figure 48 shows load versus crosshead displacement for 7 FFF fracture toughness
test specimens printed in the Y orientation (length of fracture toughness specimen parallel
to Y orientation of print bed but raster in X orientation of print bed). As it is evident from
Figure 48, the maximum load is slightly less than the values for the X orientation
specimens and the curves are shifted slightly to the left (Figure 47).
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Figure 48. Load versus crosshead displacement curves for FFF-printed ABS
specimens in the Y orientation

Figure 49 shows load versus crosshead displacement for the samples printed in
the Z orientation (length of fracture toughness specimen parallel to Z orientation of print
bed). Compared to the X and Y orientations (Figure 47 and Figure 48), the average
maximum load of Z orientation specimens decreases to approximately 750 N.
Interlaminar fracture occurs in the Z-orientation specimens. A previous study on FFF
ABS specimens reported maximum loads of 400 N and 100 N for horizontally (i.e., X
orientation) and vertically (i.e., Z orientation) printed ABS specimens, respectively,
representing a 75% anisotropy in the maximum load in the load–displacement curves
[143]. Another relevant study on FFF double cantilever beam ABS specimens showed a
maximum load in representative load–displacement curves of less than 200 N for
interlayer fracture [154]. Inferior fracture performance for FFF ABS parts, reported by
Hart and Wetzel [143, 154] and also Aliheidari et al. [143, 154], can be attributed to
higher void content in their reported specimens. In cases where there is more than 20%
anisotropy in maximum load, it is suggested to repeat the tests to find the root cause
instead of correlating the anisotropic behavior to the nature of the FFF process.
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Figure 49. Load versus crosshead displacement curves for FFF-printed ABS
specimens in the Z orientation

Figure 50 shows load versus crosshead displacement for 6 injection-molded
fracture toughness test specimens as per ASTM D5045 (i.e., Standard Test Methods for
Plane-Strain Fracture Toughness and Strain Energy Release Rate of Plastic Materials).
The maximum load for injection-molded specimens (around 950 N) is higher than all
FFF-printed specimens, but this difference is insignificant when compared with the Xorientation specimens. The average injection-molded specimen maximum load is 3%,
9%, and 18% higher than specimens printed in X, Y, Z orientations, respectively. In
addition, the anisotropy of maximum load between X and Z orientation is 16%.
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Figure 50. Load versus crosshead displacement curves for injection-molded ABS
specimens

All the data presented in Figure 47 through Figure 50 are overlaid in a Figure 51
to provide a better comparison of the load-displacement behaviors of all specimens. No
specimen shows the sharp load-displacement curve which is more common in brittle
polymer fractures [155]. A gradual drop in load is evident after maximum load (crack
initiation) has occurred. Maximum loads vary between 700 N and 950 N, but the elastic
moduli of all four groups are very close. In other words, load-displacement behaviors for
both inter-laminar (Z orientation) specimens and cross-laminar (X orientation) specimens
reveal very close trends. From maximum load (900 N) of X-orientation specimens (crosslaminar fracture) to maximum load (750 N) of Z-orientation specimens (intra-laminar
fracture), there is a decrease of around 16%. Based on the results from the previous
chapter, 20% anisotropy is for extrusion multiplier of 1, for which the specimens
contained a significant percentage of voids. Therefore, with an optimized FFF process
(i.e., extrusion multiplier >1), anisotropy in maximum load in FFF-fabricated polymer
can likely be decreased to far below 20%. In fact, any difference in fracture toughness
measurements (𝐾𝐼𝐶 or 𝐽𝐼𝐶 ) should be reflected in the load-displacement behavior of
specimens. The significant difference between inter-laminar and cross-laminar fracture
toughness reported for FFF ABS specimens can be attributed to testing on specimens
fabricated by a non-optimized FFF process. This difference also may stem from variation
93

or subjectivity in the test method including the pre-cracking step [143]. A similar level of
anisotropy (20%) between the cross-layer (5 𝑀𝑃𝑎. 𝑚1/2 ) and the inter-layer (4
𝑀𝑃𝑎. 𝑚1/2 ) fracture toughness was reported for FFF PLA polymer with linear elastic
behavior [156]. McLouth et al. study of FFF ABS showed that the fracture toughness of
vertically printed specimens was 50% less than those of horizontally printed specimens
[157]. The sharp load drop that was reported after maximum load, an indication of
unstable brittle failure of FFF ABS, did not occur in any of the current study specimens
[151].
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Figure 51. Load versus crosshead displacement curves for injection-molded and
FFF-printed ABS specimens in the X, Y, and Z orientations

Table 7 summarizes the values of maximum load, total work under load–
displacement curves, elastic work under curves, and plastic work under curves for all
specimens printed in the X, Y, and Z orientations and the injection-molded specimens.
Elastic energy is an indication of crack initiation and plastic energy is an indication of
crack growth [155]. The levels of energy required during the crack initiation phase are
very similar (~1 J) for injection-molded and Y and Z-orientation printed specimens, but
X-orientation printed specimens show a higher crack initiation energy (~1.4 J). Energy
absorbed during the crack propagation phase is at least 50% more than the energy
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required for crack initiation of injection-molded, Y- and Z-orientation printed specimens.
Crack propagation energy for the X-orientation printed specimens is 65% more than the
crack initiation energy of injection-molded, Y- and Z-orientation printed specimens.

Table 7. Maximum load, elastic work, and plastic work under load-displacement
curves
Specimen

Max Load (N)

Total Energy (J)

Elastic Energy (J)

Plastic Energy (J)

X-1

893

3.3

1.3

2.0

X-2

929

3.8

1.4

2.5

X-3

935

3.6

1.4

2.2

X-4

919

3.5

1.3

2.2

X-5

930

3.7

1.4

2.3

X-6

902

3.6

1.3

2.3

X-7

918

3.5

1.3

2.1

X-8

936

3.9

1.5

2.5

Average X

920.3±15.7

3.6±0.2

1.4±0.1

2.3±0.2

Y-1

847

1.9

0.9

1.0

Y-2

803

2.5

1.1

1.4

Y-3

889

2.9

1.2

1.8

Y-4

848

2.7

1.0

1.7

Y-5

877

2.5

1.1

1.4

Y-6

865

1.9

1.0

1.0

Y-7

884

2.6

1.1

1.5

Average Y

859±29.7

2.4±0.4

1.0±0.1

1.4±0.3

Z-1

771

2.5

0.9

1.6

Z-2

752

2.1

0.8

1.3

Z-3

722

2.2

0.9

1.2

Z-4

748

2.6

1.0

1.6

Z-5

783

2.6

1.0

1.5

Z-6

819

2.9

1.1

1.8

Z-7

775

2.6

1.0

1.6

Average Z

767.1±30.7

2.5±0.3

1.0±0.1

1.5±0.2
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Specimen

Max Load (N)

Total Energy (J)

Elastic Energy (J)

Plastic Energy (J)

IM-1

958

2.6

1.0

1.6

IM-2

975

2.5

1.1

1.4

IM-3

941

2.4

1.0

1.4

IM-4

855

2.3

1.0

1.4

IM-5

972

2.5

1.1

1.4

IM-6

977

2.557

1.0

1.5

Average IM

946.3±46.7

2.5±0.1

1.0±0.1

1.4±0.1

5.3.1

Fracture toughness measurement under linear elastic behavior

The ASTM D5045 is mainly used for measuring the fracture toughness of
polymers. 𝐾𝐼𝐶 (critical stress intensity factor) and 𝐺𝐼𝐶 (energy per unit area of crack
surface at crack origination) values can be calculated for polymers. This standard was
developed for plastics with linear elastic behavior; therefore, several criteria should be
met to obtain accurate and reliable 𝐾𝐼𝐶 and 𝐺𝐼𝐶 fracture toughness parameters. This
standard is also applicable when the plastic region in front of a crack tip is small
compared with specimen dimensions and crack size. For this reason, this standard may be
utilized not only for polymers with pure linear elastic behavior, but also for polymers
with elastic–minor plastic (quasi-brittle) behavior. Based on the ASTM D5045, 𝐾𝑄 (in
units of 𝑀𝑃𝑎. 𝑚1/2) can be calculated using the following equation:
𝐾𝑄 = (

𝑃𝑄
)𝑓(𝑥)
𝐵𝑊 1/2

where 𝑃𝑄 is load (KN), 𝑥 = 𝑎⁄𝑊 and 𝑓(𝑥) can be calculated as follows:
𝑓(𝑥) = 6𝑥1/2

[1.99 − 𝑥(1 − 𝑥)(2.15 − 3.93𝑥 + 2.7𝑥 2 )]
(1 + 2𝑥)(1 − 𝑥)3/2

B: SENB specimen thickness
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a: crack length
W: SENB specimen width
𝐾𝑄 : Trial or conditional value of 𝐾𝐼𝐶
Table 8 and Table 9 show values of calculated 𝐾𝑄 for injection-molded
specimens and specimens printed in the X, Y, and Z orientations.
Table 8. 𝐾𝑄 calculation for X- and Y-orientation SENB specimens
a0

a(cm)

af

x=af/W

f(x)

𝐾𝑄 (𝑀𝑃𝑎. 𝑚1/2 )

1.27

0.11

1.38

0.54

3.07

4.74

2.54

1.27

0.07

1.34

0.53

2.91

4.68

8.89

2.54

1.27

0.03

1.3

0.51

2.77

4.47

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.51

0.93

1.27

8.89

2.54

1.27

0.07

1.34

0.53

2.91

4.68

ABS X#6

0.90

1.27

8.89

2.54

1.27

0.06

1.33

0.52

2.87

4.49

ABS X#7

0.92

1.27

8.89

2.54

1.27

0.07

1.34

0.53

2.91

4.62

ABS X#8

0.94

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.59

Sample

PQ (KN)

B (cm)

S (cm)

W (cm)

ABS X#1

0.89

1.27

8.89

2.54

ABS X#2

0.93

1.27

8.89

ABS X#3

0.94

1.27

ABS X#4

0.92

ABS X#5

(cm)

Average 𝑲𝑸

4.60±0.01

ABS Y #1

0.85

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.15

ABS Y #2

0.80

1.27

8.89

2.54

1.27

0.08

1.35

0.53

2.95

4.10

ABS Y #3

0.89

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.36

ABS Y #4

0.85

1.27

8.89

2.54

1.27

0.08

1.35

0.53

2.95

4.32

ABS Y #5

0.88

1.27

8.89

2.54

1.27

0.06

1.33

0.52

2.87

4.36

ABS Y #6

0.86

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.24

ABS Y #7

0.88

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.34

Average 𝑲𝑸

4.27±0.11
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Table 9. 𝐾𝑄 calculation for Z-orientation and injection-molded SENB specimens
S

W

a0

(cm)

(cm)

(cm)

1.27

8.89

2.54

0.75

1.27

8.89

ABS Z #3

0.72

1.27

ABS Z #4

0.75

ABS Z #5

a(cm)

af

x=af/W

f(x)

𝐾𝑄 (𝑀𝑃𝑎. 𝑚1/2 )

1.27

0.07

1.34

0.53

2.91

3.88

2.54

1.27

0.03

1.3

0.51

2.77

3.60

8.89

2.54

1.27

0.07

1.34

0.53

2.91

3.64

1.27

8.89

2.54

1.27

0.06

1.33

0.52

2.87

3.72

0.78

1.27

8.89

2.54

1.27

0.06

1.33

0.52

2.87

3.89

ABS Z #6

0.82

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.02

ABS Z #7

0.77

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

3.80

Sample

𝑃𝑄 (KN)

B (cm)

ABS Z #1

0.77

ABS Z #2

Average 𝑲𝑸

3.79±0.15

ABS IM#1

0.96

1.27

8.89

2.54

1.27

0.06

1.33

0.52

2.87

4.76

ABS IM#2

0.97

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.78

ABS IM#3

0.94

1.27

8.89

2.54

1.27

0.07

1.34

0.53

2.91

4.74

ABS IM#4

0.85

1.27

8.89

2.54

1.27

0.17

1.44

0.57

3.34

4.93

ABS IM#5

0.97

1.27

8.89

2.54

1.27

0.05

1.32

0.52

2.84

4.77

ABS IM#6

0.98

1.27

8.89

2.54

1.27

0.06

1.33

0.52

2.87

4.86

Average 𝑲𝑸

4.81±0.07

For 𝐾𝑄 to be used as 𝐾𝐼𝐶 , some requirements need to be met as follows:
𝐵, 𝑎, (𝑊 − 𝑎) > 2.5 (

𝐾𝑄 2
)
𝜎𝑦

𝜎𝑦 : The maximum load in a uniaxial tensile test at test load rate
B: SENB specimen thickness
a: Initial crack length (crack pre-notch plus razor notch)
W: SENB specimen width
𝐾𝑄 : Trial or conditional value of 𝐾𝐼𝐶
Considering the range of 𝜎𝑦 from the tensile data of the previous chapter (20
MPa ~ 40 MPa) and 𝐾𝑄 values from Tables 6 and 7 (~4 𝑀𝑃𝑎. 𝑚1⁄2 ) these requirements
99

have been met. A sharp pre-crack is required to achieve a minimum toughness value.
This makes the obtained results subjective and the comparison of results from different
studies more difficult. In addition, 𝐾𝐼𝐶 or 𝐺𝐼𝐶 can be used for engineering design
purposes, but 𝐾𝑄 is just an indication of stress intensity factor and may be used for
comparison purposes only. In addition to the above three requirements, for validity of this
standard test method, the following condition should be met:
𝑃𝑚𝑎𝑥
𝑃𝑄

< 1.1
𝑃𝑚𝑎𝑥 is the value of maximum load in the load versus crosshead-displacement

curve and 𝑃𝑄 is the intersection of a straight line which is defined in the ASTM D5045
standard and illustrated in Figure 52.

Figure 52. Definition of PQ and Pmax in ASTM D5045 [Reprinted, with permission,
from ASTM D5045-14 Standard Test Methods for Plane-Strain Fracture Toughness and
Strain Energy Release Rate of Plastic Materials, copyright ASTM International, 100 Barr
Harbor Drive, West Conshohocken, PA 19428. A copy of the complete standard may be
obtained from ASTM, www.astm.org.]
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Given to the size of the plastic zone and plasticity in front of the crack tip, the
𝑃𝑚𝑎𝑥 ⁄𝑃𝑄 requirement is not met. In other words, the ratios of 𝑃𝑚𝑎𝑥 ⁄𝑃𝑄 for all
orientations (X, Y, Z) and injection-molded specimens are greater than 1.1. In addition,
results in Table 8 and Table 9 show that injection-molded specimens have the highest
value of 𝐾𝑄 (4.8058 𝑀𝑃𝑎. 𝑚1/2) and FFF specimens in the Z-orientation have the lowest
value (3.7914 𝑀𝑃𝑎. 𝑚1/2 ). The averages of the 𝐾𝑄 values for specimens printed in the X
and Y orientations are 4.5977 𝑀𝑃𝑎. 𝑚1/2 and 4.2675 𝑀𝑃𝑎. 𝑚1/2, respectively.
McLouth et al. reported 𝐾𝑄 values of 1.97 𝑀𝑃𝑎. 𝑚1/2, 1.69 𝑀𝑃𝑎. 𝑚1/2 , and 1.39
𝑀𝑃𝑎. 𝑚1/2 for FFF-ABS specimens in the X, Y, and Z orientations, respectively [157].
These 𝐾𝑄 values were related to maximum load in the load-displacement curves of 250
N, 450 N, and 650 N for ABS specimens printed in the X, Y, and Z orientations,
respectively. In the current study, not only the printed specimens in all orientations, but
also the injection-molded specimens have 𝑃𝑚𝑎𝑥 ⁄𝑃𝑄 values above 1.1, but McLouth et al.
[157] measured 𝑃𝑚𝑎𝑥 ⁄𝑃𝑄 values less than 1.1 for specimens printed in the Z direction
and more than 1.1 for injection-molded specimens and specimens printed in the X and Y
orientations.
Whenever the value of 𝑃𝑚𝑎𝑥 ⁄𝑃𝑄 for a polymer or a polymer composite specimen
is greater than 1.1, it is recommended to utilize the ASTM D6068 standard (Test Method
for Determining J–R Curves of Plastic Materials) to determine J-integral versus crack
growth resistance. The J–R curve approach was first proposed by J.R. Rice, based on a
path independent line integral [158]. Previous studies reported that FFF-fabricated ABS
may exhibit elastic behavior in inter-laminar orientation and elastic–plastic behavior
under SENB testing in cross-laminar orientation. Moreover, a value of 0.789
𝑀𝑃𝑎. 𝑚1/2 for 𝐾𝐼𝐶 of inter-laminar fracture was reported [143]. However, results in
Table 8 and Table 9 show that not only FFF ABS in any orientations but also injection101

molded ABS polymer have elastic–plastic behavior and the ASTM D6068 standard
should be followed for further fracture study. A wide range of fracture toughness (𝐽𝐼𝐶 )
were reported for FFF-printed ABS polymers compared to fracture toughness reported
for injection-molded ABS specimens. For example, Aliheidari et al. reported a value of
4017 𝐽⁄𝑚2 for interlayer fracture on double cantilever beam test specimens [154], but
Hart and Wetzel reported 2260 𝐽⁄𝑚2 for cross-layer fracture toughness and only 256
𝐽⁄𝑚2 for interlayer fracture toughness on SENB test specimens [143]. In another study,
Li et al. reported values of 3.08 𝑀𝑃𝑎. 𝑚1/2 and 4.29 N/mm for fracture toughness and
energy release rates, respectively. However, in FFF ABS specimens, their reported loaddisplacement data does not seem to meet linear elastic behavior [159].
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5.3.2

Fracture surface of SENB Specimens

Figure 54 shows the fracture surfaces of two FFF ABS specimens in the X
orientation. The areas of the fracture samples are, from top to bottom, as follows: (1)
green: machined notch sidewall; (2) light green: 45° machined notch sidewall; (3) green:
crack initiated with razor blade; (4) white: fracture surface. The fracture surfaces of FFF
specimens in all directions do not show significant differences. In both FFF and injectionmolded specimens, almost smooth brittle or quasi-brittle fracture surfaces are evident.

Figure 54. Fracture surfaces of two SENB ABS specimens FFF in the X
orientation (width: 12.7mm, thickness: 25.4 mm)

Figure 55 shows the fracture surfaces of two FFF ABS specimens in the Y
orientation. Voids are not clearly observable on the fracture surface, but the post-testing
fracture area is distinguishable from the fracture area.
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Figure 55. Fracture surfaces of two SENB ABS specimens FFF-printed in the Y
orientation (width: 12.7mm, thickness: 25.4mm)

Figure 56 shows the fracture surfaces of two FFF- ABS specimens in the Z
orientation. Voids are visible on the surface and distinguishing the fracture surface and
the post-fracture (tearing fracture) area is possible with optical observation. The fracture
surface does not occur on a single plane and some irregular behavior is noticeable.
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Figure 56. Fracture surfaces of two SENB ABS specimens FFF-printed in the Z
orientation (width: 12.7mm, thickness: 25.4mm)

Figure 57 shows the fracture surfaces of two injection ABS specimens. This type
of fracture surface is very common for injection-molded ABS specimens. Compared with
FFF-printed ABS specimen fracture surfaces, injection-molded specimen fracture
surfaces exhibit more distinguishable areas of crack propagation region and the final
abrupt fractured areas.
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Figure 57. Fracture surfaces of two SENB ABS injection-molded specimens
(Width: 12.7mm, Thickness: 25.4mm)

Conclusions

This chapter provided an objective approach for evaluating the impact of print
orientation on the fracture performance of FFF parts. The fracture behavior of FFF ABS
parts is highly dependent on FFF process parameters and my exhibit brittle fracture,
quasi-brittle fracture, or a ductile fracture. Large differences in load-displacement
behavior of FFF ABS polymers and polymer composites at different print orientations
(i.e., X, Y, Z) may be a sign of non-optimized process parameters. Load-displacement
data reveals that fracture behavior of FFF ABS polymer is less sensitive to print
orientation than tensile behavior. Anisotropy in maximum load (from load-displacement
curve) between X and Y orientations was ~3% and between X and Z orientations was
~16%. Giveen to the elastic–plastic behavior of FFF ABS specimens, the accurate
calculation of 𝐾𝐼𝐶 per the ASTM D5045 standard is not possible. However, fracture
resistance versus crack growth may be calculated from the ASTM D6068 standard (Test
Method for Determining J–R Curves of Plastic Materials).
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Multi-Material Additive-Subtractive Manufacturing

Abstract:
Multi-material AM has the potential to create multifunctional components that can
eliminate or decrease assembly steps and reduce weight. This chapter briefly outlines the
history and development of multi-material AM. It also explains a customized multi-head
3D printer that is designed, developed, and used for the purpose of multi-material
additive-subtractive manufacturing. This machine has four tool heads. The first tool head
is a high-temperature extrusion head for high melting temperature filaments including
PEEK, PEKK, and ULTUM®. The second tool head is a direct ink write one for a variety
of conductive inks. The third tool head is a spindle system for machining. The fourth tool
head is another extrusion-based nozzle for composite filaments reinforced with
continuous fibers. Two heaters are used to increase the chamber temperature to 80 °C
while several coolers are incorporated to protect the electronics. Movements of four tool
heads and operation of extruders are achieved through the Flashcut® computer numerical
control. Simplify3D software was used for modeling, print adjustments, slicing, adding
supports, and generating G-codes. A temperature controller controls temperatures of bed,
heads, and chamber independent of the Simplify3D modeling software. This chapter is
continued with a proof-of-concept demonstration for this multi-head machine through
printing a twisted differential line (TDL) structure requiring both additive and subtractive
processes.

Introduction
Over the last three decades, many AM technologies have been developed for
printing metallic, ceramic, polymeric, and composites parts. In addition to recent rapid
developments in printing with a variety of materials, there is an increasing demand for
utilizing AM techniques for printing multifunctional parts or components. Obtaining
multi-functionality in additively manufactured components necessitates using more than
one material as feedstocks. Multi-functional AM, also known as multi-materials AM,
leads to the implementation of more than one tool head on AM machines. Having more
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than one tool head on an AM platform makes it possible not only to combine more than
one AM technology but also to add subtractive tools.
Along with rapid developments in AM technologies, there has always been a
tendency for end-use AM products to become more compact and multi-functional.
Additive manufacturing of systems with both electrical and mechanical functions is an
example of a multi-functional fabrication [160, 161]. Several research groups are focused
on end-use multi-functional components through embedding electrical wiring and
interconnect, or electronic components into an additively manufactured structural host.
This is achieved by interrupting the process at specific layers and picking/placing
electronic components into a part. With such integration, there will be no need for tooling
as in conventional manufacturing processes. Moreover, fewer assembly steps will be
required [162].
Up to 1992, AM technologies were mainly utilized for rapid prototyping and
additive manufacturing of simple mechanical parts. Since then, the interest to embed
electronics and functional components, such as sensors, into additively manufactured
structures grew significantly. For example, in 1992 Beck et al. utilized thermal spray
deposition to manufacture mechatronic devices [163]. Later, Prinz and Weiss
demonstrated the idea of manufacturing heterogeneous components (including a
waterproof wearable computer with embedded electronics, a composite steel/copper
injection mold tool, and a miniature turbine wheel assembly). This was carried out with
the combination of hybrid material additive and removal processes [164]. Another
pioneer study on AM with embedded components was reported by Cham et al. in 1999
[165]. Hybrid AM mainly has been focused on combining direct writing (DW) with one
or more additive and/or subtractive technologies. In this combination, the DW method is
used for selective deposition of conductive material and other AM techniques are used
for the fabrication of the structure [166].
One of the early publications on the concept of combining more than one AM
technique is by Palmer et al. that combined SLA with DW and fabricated electrical
interconnects [167]. In 2006, Robinson et al. combined direct-write and ultrasonic
consolidation methods to fabricate components with embedded electrical circuitry. It was
reported that this hybrid approach not only decreases mass and volume of a
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multifunctional electronic device but also competes in performance with traditionally
manufactured devices [168].
Malone and Lipson fabricated a low-voltage, soft mechanical actuator entirely by
AM. Though there was a big performance gap between their additively fabricated device
and traditionally manufactured ones, the system worked for more than 4 h and 3,000
actuation cycles [169].
Medina et al. integrated SLA and DW techniques to fabricate a complex electrical
device in a semi-automated mode for experimental demonstration purposes. The authors
believed that SLA/DW hybrid machines can be utilized for the fabrication of functional
devices that are comparable to their conventional ancestors [170]. Lopes et al. also
demonstrated the advantages of hybrid SLA and DW technologies for fabricating
multifunctional electronic systems [171].
Despite hybrid technique benefits, one of the major limitations of hybrid
SLA/DW was that many commercially available SLA resins were not compatible with
the higher temperature necessary to sinter DW conductive inks. Besides, the durability of
SLA materials is not good enough to provide long-term functionality for the final
product. Therefore, a hybrid of FFF and DW process is of interest to design and fabricate
more robust multi-material, multifunctional devices. In fact, the materials that are being
used through the FFF process are more functional than curable resins being used through
the SLA processes [160, 172]. For example, Paulsen et al. combined Aerosol Jet as a
noncontact DW technology with FFF to fabricate a non-planar sensor, power distribution
circuit, and antenna on a polymer Unmanned Air Vehicle (UAV) wing structure [173].
Espalin et al. examined printed electronics fabricated with hybrid SLA /DW and
FFF/DW [160]. Instead of a conductive ink, a conductive wire such as copper wire was
robotically embedded in thermoplastic polymers being used through FFF process. In
contrast, thermoset resins used in SLA were not compatible with the heat induced during
wire embedding and welding steps. Therefore, this is another driving force for choosing
FFF process instead of SLA process for hybrid applications. However, the resolution and
surface finish of parts fabricated by FFF are inferior, therefore, combining with DW,
conductive ink performance after sintering on FFF printed parts is low. But this
limitation can be tackled by adding features such as machining, laser ablation, and
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micromachining [160]. Aguilera et al. additively fabricated a 3-Phase brushless DC
motor by combining several processes including FFF, machining, welding, wire
embedding, and pick/place of electronic components. According to their study, utilizing
wire embedding instead of ink writing may overcome electrical resistivity of system,
however, this process itself generates heat and may damage polymer matrix [162].
Valentine et al. used a hybrid AM approach with 3 DW tool heads for soft
electronic printing. The first DW tool head was used for printing a dielectric substrate,
the second for printing a conductive ink, and the third for picking and placing electrical
components using vacuum suction. The limitation of this technique was that individual
layers were required to be cured at 80°C for 2 h, making the whole process slow [174].
Bellacicca et al. integrated supersonic cluster beam deposition (SCBD) with FFF
for adding resistors and conducting lines into 3D-printed structures. The SCBD process
enables the deposition of conductive layers on FFF ABS surface at room temperature. In
addition, this process provides good interface adhesion, no delamination, with no
limitation on conductive ink viscosity [175]. Bhuiyan et al. developed a hybrid method
for the fabrication of conductive copper and nickel nanocrystalline ink on flexible
Polyimide and PET (Polyethylene terephthalate) substrates. They first deposited a
sacrificial thin film, followed by nozzle-based electro-deposition, and ultimately etched
the blanket film. Although, they measured close to bulk electrical resistivity, their process
is in microscale and has a very low speed [176].
Jahangir et al. combined FFF, aerosol jet, and intense pulsed light (IPL) sintering
techniques. They improved a conductive ink (a combination of silver nano particle and
silver nanowire) resistivity significantly up to 8 times of bulk silver resistivity (13.1 μΩcm for this study, 1.59 μΩ-cm for bulk silver). They believed that this huge electrical
resistivity improvement is related to ohmic contact electron transport instead of
percolation mechanism during sintering process [177].
Recently Neff et al. [178] tested hybrid printed electronics interconnection
materials including low-temperature solders and electrically conductive epoxy under
severe environmental conditions. Interconnections between electronic components and
conductive ink path play a critical role in reliability of the printed electronic assemblies.
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Their findings showed that conductive epoxy provides more effective interconnection for
the printed electronics, but it is relatively brittle.

AM and Multifunctional Parts

A multi-functional part can provide more than one function such as sensing,
actuation, self-healing, thermal, mechanical, magnetic, and electrical. At the time AM
was born, emphasis was on form and fit as implied by the term rapid prototyping.
However, with further development of AM technologies, not only form and fit, but also
aesthetics and functionality of AM parts became of interest. AM progress nowadays goes
beyond a single function, single scale, or single material. In fact, an AM paradigm shift
from geometry-centered to functional-centered is gaining an increased attention. Recently
Leung et al. reviewed manufacturing of functional components via AM technologies.
They emphasized that AM techniques can be categorized into four broad groups
including multi-material, multi-form, multi-function, and multi-scale [179].
Polymers and polymer composites are ideal candidates for the structural part of
multifunctional components. Multi-functionality can be engineered into FFF filaments. It
may also be obtained by using more than one extrusion-based print head. Over the last
decades, extrusion-based AM processes including FFF, DW, digital light processing,
inkjet, and aerosol printing were used to add different functionalities (e.g., conductive,
magnet, embedded circuitry, thermal, sensing, and self-healing) to polymer or polymer
composite matrix [180].
In November 2013, a CubeSat trailblazer was developed by incorporating electronic
component in a polymer matrix using an SLA technique. It turned out that photo-curable
resin that was being used for SLA process was not compatible for the harsh orbit
environment. Additionally, low thermal resistance of SLA prevents effective post-process
sintering at higher temperatures [181]. Printed electronics require tight dimensional
tolerances, requiring high resolution AM technologies. From this perspective, SLA
provides better resolution than FFF. However, given SLA limitations it is reasonable to
choose FFF along with other techniques such as machining to tackle FFF resolution
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limitation. A CubeSat was fabricated with FFF and DW conductive ink through six
consecutive steps [160]:
•

substrate was fabricated with FFF of ULTUM 9085.

•

required cavities and channels for circuitry paths were machined on FFF printed
substrate.

•

a conductive ink was dispensed for required traces.

•

required electronic items were picked and placed in machined cavities.

•

conductive traces, and electronic components joined together.

•

conductive ink was sintered.

MacDonald and Wicker reviewed multi-process AM for improving multifunctionality of components. Conventional manufacturing processes (casting, forging,
machining, injection molding) are well customized for mass production. Though, these
processes typically come with several assembly steps and there is a significant cost for
low-volume production. It is desirable to develop multiple components by AM layer by
layer adding approach to eliminate or at least decrease subsequent assembly steps of
product realization. Further expansion of AM technologies necessitates manufacturing of
not only geometrically complex objects with a single material but also functionally
complex objects from dissimilar materials. Recent studies show that developing practical
multi-functional components, with embedded items, mainly relies on the combination of
additive and subtractive methods rather than only combination of AM techniques. To
fully utilize multifunctional AM in real industrial applications, several challenges
including interfacial performance of dissimilar materials should be addressed [161].

6.2.1

Main challenges of multifunctional printing

The main challenge of hybridization of DW with extrusion-based AM process is
that almost all commercial conductive inks need post-sintering to improve their
conductivity. This requirement restricts the substrate of printed component to materials
that can resist elevated sintering temperatures of conductive inks. In addition, there are
significant recent and ongoing studies for developing ink materials capable of low112

temperature sintering or even a sintering-free process. To date, such inks achieve a much
lower electrical conductivity compared with sintered conductive inks.
Interface between ink and matrix or substrate causes another challenge. In surface
electronic printing, adhesion between conductive ink and substrate is important. In
embedded electronic printing, adhesion between conductive ink and structural part
(matrix) is even more important. If delamination or interface failure due to weak adhesion
occurs for embedded electronics, there is no access for repair of failed area. Chemical
interaction between ink and matrix, surface energy of conductive ink and matrix material,
and conductive ink/matrix interface surface roughness all impact adhesion between
conductive ink and matrix interface [182].
FFF process creates a rough and non- uniform surface, therefore, adhesion
between DW ink and FFF printed substrate without additional surface treatment may be
weak. Breyfogle and Vartanian reported using an intermediate bonding dielectric layer
between an FFF printed layer and a conductive ink trace. It is expected this intermediate
dielectric layer fills the valleys on FFF layer surface [183]. Studies on hybrid DW and
FFF has mainly focused on implementing a layer of conductive ink on a substrate for
PCB applications. However, multilayer conductive ink on FFF surface is also viable and
may reduce variation and increase electrical conductivity of AM devices. Zhou et al.
combined FFF process with inkjet DW process to fabricate smart structures and
embedded electronics on ULTEM substrates but found several challenges including
discontinuity in silver conductive ink line due to irregularity on FFF printed surface, poor
conductivity and particle segregation of printed ink and skinning effect. They proposed
surface ironing and thermo-plow treatments for tackling surface irregularity [184].

DW technologies

DW, also known as digital printing or digital writing, is a generic term and
includes a diverse family of AM processes in which a functional and or structural
material in particular conductive ink is deposited either on a substrate or/ into a matrix.
By utilizing DW techniques, a wide range of feature resolutions (nm to mm), feedstock
materials (ceramics, metals, and polymers), track widths (several nm to several
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micrometers), and layer thicknesses (nm to several hundred micrometers) are obtainable
through different modes of feedstock material transfer. Some of DW methods have the
capability of conformal writing. DW techniques that utilize integrated laser positioning
feedback, provide the benefit of printing on flexible, round, flat, irregular, or inflatable,
and curvilinear substrates.
DW that selectively deposits either conductive or nonconductive traces, can be
classified into four major categories based on the nature of material transfer from
feedstock to substrate (drop let, energy beam, flow, and tip). Aerosol and inkjet are
droplet type systems. Flow-based DW methods using extrusion or pump systems for
material transfer can work with far wider range of viscosities (0.5 to 1000000 mPa.s).
Since multi-material 3D printing machine that will be used for this study has a
flow-based DW toolhead, therefore, this category will be discussed in more details in this
section.
Flow-based DW works based on a positive mechanical pressure to provide accurate
micro-dispensing through a syringe-based extrusion, through air pressure, or through a
positive displacement approach. Both precision pump method or syringe and extrusion
method may be implemented for flow-based systems. On the contrary to fused filament
fabrication, flow-based DW techniques do not apply heat to feedstock and use a much
lower material flow [185].
Printed electronics either on a substrate surface or within a matrix can be
considered a multifunctional component since they provide both mechanical and
electronic functions.
Printed electronics can be fabricated with traditional techniques as well as modern AM
techniques. Conductive ink transfer to substrate can be either contact- or noncontactbased. Aerosol jet, inkjet, slot die coating, and electrohydrodynamic are among major
contactless printing methods and flexographic printing, screen printing, and gravure
printing are among contact techniques.
Metal nanowires (mainly silver and copper nanowires), metal nanoparticles
(mainly silver and copper nanoparticles), and carbonaceous nanomaterials (CNTs, and
graphene) conductive inks are widely used for printing electrically conductivity multifunctional AM components. Due to the limited electrical conductivity of conductive inks
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compared with bulk conductive materials, almost always a type of thermal post
processing, also known as sintering, is required to fulfill high conductivity requirement of
devices [186].
Inkjet printing is a suitable method for fabrication of multi-functional devices as it
offers minimal material waste and effective handling of expensive conductive materials
such as metal–organic complexes or conductive metal nanoparticles. From numerous DW
technologies, inkjet, aerosol jet, and extrusion are among techniques that have the
capability to hybridize with FFF process due to their comparable process speed and
complexity and size of tool heads. From above three DW methods, ink extrusion
approach has an advantage of much higher print speed.

6.3.1

Conductive inks/pastes for DW technologies

From bulk resistivity perspective, silver has the lowest )1.59 µΩ cm( , then
followed
by copper )1.72 µΩ cm( , and then gold, )2.44 µΩ cm( but from cost perspective, gold
($55.87 per gram) is more than 90 times more expensive than silver (0.56 USD per gram)
and copper (0.00579 USD per gram) is more than 90 times less expensive than silver.
Since gold is an expensive option and copper has oxidation problem during sintering
process, silver ink is more attractive for printed electronics and AM field. Metal
precursor conductive inks are made of smaller than 50 nm metallic nanoparticles (NP) or
metal-organic decomposition (MOD) complexes. For former type, removal of organic
stabilizing additive is required and for latter type, removal of organic complex and
reduction process are necessary. Both types need sintering post process to achieve proper
conductivity.
Whenever a conductive ink is printed on a polymer substrate or inside a polymer
matrix, sintering post process temperature must keep below glass transition temperature
(Tg) of polymer substrate or matrix otherwise whole component will be thermally
damaged. For example, polycarbonate and polyethylene naphthalate have the Tg of 147
°C and 1237 °C, respectively. Therefore, the maximum sintering temperature is limited to
maximum of 140 °C. On the other hand, most of commercial conductive inks may not be
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sintered effectively at this range of temperature over short period of time. Therefore, for
critical applications, high temperature polymers such as PEEK and ULTEM®
(Polyetherimide (PEI) will be beneficial. Since conductive inks mainly have nano size
particles, so it is expected they reveal lower melting temperature compared to bulk
material, however, the presence of organic stabilizing agents impedes efficiency of lower
temperature sintering. Therefore, there is a tradeoff between possibility of sintering at
lower temperature and printability or dispersion stability of ink.
Typically, metal nanoparticle inks with higher metal loading and better chemical
stability are better choices than metal-organic decomposition inks. There are several
approaches to deal with organic stabilizing agents in metal nanoparticle inks. Instead of
thermal heating, alternative sintering methods including plasma, laser, and microwave
heating may stimulate lower temperature sintering that are more compatible with polymer
substrate or matrix.

6.3.2

Different sintering methods on conductive materials

Typically for printed electronics, the sintering post process step which is
necessary to decrease the electrical resistivity of a conductive material necessitates
temperatures higher than 250 °C and/or more than 30 minutes of sintering time. These
process requirements make printing conductive materials on polymer substrates or
matrices with low glass transmission (Tg) and melting temperatures challenging.
Therefore, finding ways to reduce sintering process time and/or temperature have been
the focus of many studies over the last decade [166].
The achievable conductivity value after the sintering post process is a fraction of
the bulk metal conductivity because sintering process is limited to far below melting
temperature of conductive inks. It is expected that increasing layer (s) thickness to some
extend increases conductivity, but this is a tradeoff between conductivity and process
costs. Therefore, it may be concluded that for low-volume high-value applications like
satellite applications, the performance of flow-based DW would be better than droplet,
energy beam, or tip-based DW technologies.
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Magdassi et al. reported a silver nanoparticle spontaneous sintering and
coalescence at room-temperature which resulted in the conductivity of up to 20% of bulk
silver. This is a promising step toward lower temperature sintering process, but this level
of conductivity is not enough for critical applications [187].
Bulk metals like silver and copper obtain high conductivity after melting and
solidification at high temperature. However, nanoparticles which are being printed at
room temperature do not have microstructure like melted bulk conductive material. Over
the last three decades, despite the rapid progress in AM technologies with conductive
materials, still post process is required to increase the conductivity of deposited inks up to
a reliable performance. However, this conventional thermal sintering is not well
compatible with substrates like plastics, polymers, papers, and elastomers. In addition,
sintering leads to oxidation of copper nanomaterial inks. Therefore, focus has been on the
alternative methods (electrical sintering, plasma sintering, photonic, microwave sintering,
sintering by chemical agents at room temperature) to avoid thermal damage of the
substrate [186, 188].
Utilizing AM technologies for the fabrication of multifunctional components with
embedded electronics is widely demonstrated but real performance of components has
not been fully investigated yet. Sridhar et al. investigated and optimized adhesion
performance of inkjet-printed silver nanoparticle-based ink traces on reinforced epoxy
substrate using qualitative Scotch-tape testing and quantitative Pull-off testing techniques
[189]. Joo and Baldwin studied adhesion of silver nanoparticles conductor on either
organic (Kapton FPC or polyimide Kapton HN) or inorganic (aluminum, copper, and
benzocyclobutene (BCB)) substrates and found that van der Waals forces play a key role
in adhesion strength [190].
Nassar et al. printed a conductive filament and deposited a conductive ink on a
flexible FFF printed TPU substrate to evaluate integrity and performance of an
embedding sensing circuit under bending loading for a potential monitoring application.
They observed that printing conductive filament on TPU substrate led to some crack
formation and eventually increase in electrical resistivity under cyclic bending process
[191].
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Ghazali investigated multifunctional AM for RF applications. To fabricate RF
system, both passive and active components were integrated into FFF process. To
evaluate the performance of embedded system, thermal cycle was conducted on
embedded final product. Temperature ramped up from room-temperature to 90° C and
then dwelled at 90 °C and ramped down to room temperature. Duration of ramp up,
dwell, and ramp down was 10 minutes each. Characteristic performance was measured
after 5, 10, 15, and 20 thermal cycles. The results showed proper interconnection between
the conductive trace and polymer matrix with no significant change in electrical
performance after 20 thermal cycles [192].

Hardware and systems

A customized multi-material 3D printer was utilized to fabricate embedded
conductive paths within a 3D printed polymeric component [193].
Main features of this multi-material 3D printer are as follows:
•

A stand-alone system with process enclosure

•

Open architecture, machine tool CNC control with g-code driven processing.

•

3-axis coordinated motion.

•

High accuracy, rigid motion platform capable of supporting machining of printed
parts

•

Accuracy of positioning stages of ±3μm.

•

400 mm travel in all directions (X, Y, Z)

•

Print head capable of co-extrusion of carbon fibers, electrical conductors, and
fiber in 3D printed structures.

•

G-code enabled, automated cutting of fibers, wires, and fiber optics at user
selected locations.

•

DW syringe print tool to extrude slurries and pastes.

•

CAD driven, multi-material printing within each layer to embed features for
applications such as functionalized 3D circuits within printed structures.
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•

Alignment and calibration cameras.

•

Heated print bed (up to 200 °C).

•

3D tool path generation software and post processor for multi-material printing

•

Miniature, high speed machine spindle for contouring, smoothing, and finishing
of printed features.

•

Heated process chamber (up to 80 °C).

Figure 58 schematically shows the arrangement of four tool heads. All four heads
are controlled through pneumatic sub-systems. Each head has two on (i.e., down) and off
(i.e., up) positions. In addition, syringe head works based on a separate air pressure
control sub-system. The movement of all four tool heads in three main directions is
supported and functioned through the gantry motion and travel stage.
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Figure 58. Four tool heads of the multi-material additive/subtractive platform

This machine has an extrusion based DW system that works based on a positive
pressure approach to transfer conductive ink in viscous liquid form to the substrate
through a syringe head. Variations of ink trace widths can be decreased with proper
pressure regulation, utilizing ink with the right range of viscosity, and nozzle
specification.

Softwares and controls

Simlpify3D software (version 4.1.2) was used as an interface between 3D CAD models
and the Flashcut® Computer Numerical Control for Windows (Version 4.5) software.
The input of the Simlpify3D software is a 3D part with formats such as *.stl, *.obj, or
*.3mf. Simlpify3D actions on an imported 3D model can be identified through four
steps. The first step is importing 3D models. The second step is FFF process setting. This
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step process is defined to setup how 3D model will be fabricated. Figure 59 shows main
process setup interface of Simlpify3D software. This interface includes 12 main tabs
(extruder, layer, additions, infill, support, temperature, cooling, G-Code, scripts, speeds,
other, and advances).

Figure 59. Main process set up interface of Simlpify3D softwares

Fabrication demonstration and performance

To demonstrate performance and capability of this customized multi-head, multimaterial printer, a TDL structure was printed [194]. For this demonstration, three out of
four tool heads including filament extrusion tool head, machining tool head, and DW tool
head was utilized. Feedstock material for extrusion process was ABS filament and the
DW tool head used electrically conductive ink (125-13HV) supplied by Creative
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Materials, Inc. Subtractive machining tool head was a compact round-face DC motor
from McMaster-Carr. 1/16” high speed steel HSS 4 flute straight end mill cutter was used
for the machining purposes.
Fabrication of TDL has seven consecutive steps as follows:
•

Step 1: Additive fabrication of bottom side with ABS filament (40×70×2 mm)

•

Step 2: Subtractive machining on ABS bottom plate with machining head

•

Step 3: Additive fabrication of bottom twisted part with silver DW on machined
path of bottom plate

•

Step 4: Additive fabrication of middle plate with ABS filament (40×70×2 mm)

•

Step 5: Subtractive machining of top twisted part on middle ABS plate with
machining head

•

Step 6: Additive fabrication of top twisted part with silver DW on machined path
of middle ABS plate

•

Step 7: Additive fabrication of top side with ABS filament (40×70×2 mm)

Figure 60 through Figure 68 demonstrate how a TDL structure can be fabricated by
combining additive and subtractive processes. In each of these figures, left side is the
relevant CAD model in Simplify3D and the right side is the actual printed part. Figure 60
displays these seven steps sequence and 3D model in simplify3D software.
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Figure 60. Five additive and two subtractive steps of TDL fabrication

Figure 61shows that ABS bottom plate has been manufactured and machining
head is ready to machine the second step.

Figure 61. End of first step (FFF print of ABS bottom plate)

Figure 62 shows that bottom twisted part path was machined on ABS bottom
plate and DW head is ready to print bottom twisted part with silver ink.
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Figure 62. End of second step (machining of path for bottom twisted part)

Figure 63 shows that bottom twisted part DW was printed into the machined path
on ABS botom plate.

Figure 63. End of third step (direct ink writing of bottom twisted part)

Figure 64 shows that bottom twisted part was embedded by printing middle ABS
plate.
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Figure 64. End of fourth step (embedding bottom twisted part)

Figure 65 shows that bottom twisted part was embedded by printing middle ABS
plate. In addition, holes on middle ABS printed plate is evident which connect bottom
twisted part to top twisted part.

Figure 65. End of fifth step (machining top twisted part path on middle ABS
plate)

Figure 66 shows that top twisted part is direct silver ink write printed into top
twisted part machined path on middle ABS plate.
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Figure 66. End of fifth step (direct write printing of top twisted part)

Figure 67 shows that top twisted part is embedded by top side ABS plate.

Figure 67. Sixth step (embedding top twisted part with ABS top plate)

Figure 68 shows that all 7 steps of TDL were completed by utilizing 3 tool heads
including FFF and DW additive processes and the machining subtractive process.
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Figure 68. End of seventh step (Printing top ABS plate)

Challenges

During each machining step, air spray, which was implemented with two nozzles
around machining head, is activated to remove away machining debris. It was successful
for minor machining thickness. However, for TDL part, manual brushing while
machining is also used to obtain quality and clean path for silver ink printing. This
brushing step does not interrupt fully automatic printing steps, however, implementing an
additional tool head to provide vacuum on machined surface may further increase the
performance of multi-head printer.
Higher temperature of printing envelope may improve conductive ink drying
process and ultimately sintering post-process which is a necessary step for obtaining
lower electrical resistivity through hybrid FFF/DW process. Therefore, two heating guns
were inserted to both sides of print chamber (close to print bed) to automatically control
the print envelope up to 80°C. Increasing the chamber temperature up to 150°C also
would be practical but needs some modifications on the current set up.
The last challenge of current set up is related to software issue. Typically,
Simplify3D or similar slicing software is being used for additive processes. Therefore,
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printing with more than one tool head and combining more than one additive process
does not cause any problem. However, difficulty arises when one or more additive
processes need to be hybridized with one or more subtractive processes. In fact, problem
arises from the fact that additive processes manufacture parts in a bottom-up manner but
subtractive process manufacture parts in a top-down removal process. Therefore, by
generating a G-Code file for a hybrid additive/subtractive process, both additive and
subtractive processes progress in the bottom-up direction. Because of that, a reverse
transformation is required to generate G-Code in reverse Z-direction for subtractive
process including machining. To this demonstration, subtractive section of G-Code file
was modified to fulfill this reverse movement requirements. TDL component fabrication
shows capability of this multi-head machine for the fabrication of multi-material, multifunctional electronic devices. This demonstration is proving the concept of embedding
direct write silver conductive ink into ABS matrix which fabricated with filament
extrusion process.
This demonstration utilized ABS polymer for TDL fabrication but printing
conductive ink on or within high temperature polymers such as PEEK is more desirable
for aerospace applications. Most of the FFF fabricated parts with PEEK filament adjust
printer envelope temperature to at least 150 °C, but in this study due to printer limitation,
PEEK was successfully printed (Figure 69) at chamber temperature of 80 °C.
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Figure 69. PEEK print (Bed Temperature: 150 °C, Chamber Temperature: 80 °C)

Higher bed temperature (150 °C) and printer envelope temperature (80 °C) in
printing conductive ink on PEEK substrate, accelerate conductive ink drying process
(Figure 70).
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Figure 70. Samples of silver ink print on PEEK printed and machined surface

Figure 71 displays conductive ink printed on a as printed PEEK substrate.
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Figure 71. Silver ink printed on as printed (not machined) PEEK surface (side
view)

Figure 72 displays silver conductive ink printed on an FFF printed then machined
PEEK surface. Comparing figure 71 and 72 shows that machining process improves
conductive ink adhesion to the PEEK substrate.
a

b

Figure 72. Silver ink printed on printed then machined PEEK surface (a: top view,
b: side view)
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Conclusions

One of the benefits of FFF AM process is that it can be easily combined with
other AM processes such as DW to fabricate assembly or multi-functional components. It
also can be combined with conventional manufacturing techniques such as machining to
improve flexibility and performance of multi-material printing. In this demonstration
approach, FFF process, DW process, and machining process were combined altogether to
fabricate a multi-functional component.
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Conclusions and Future Work
Core-shell (multi-material) filaments can be readily made and used for FFF,
however, the miscibility of core and shell materials should be enhanced to obtain better
mechanical properties. This dissertation sheds light on tensile properties and fracture
toughness anisotropy of FFF ABS parts using both experimental and modeling tools.
ABS, a common FFF process feedstock, exhibits elastic-plastic fracture toughness
behavior. Results presented hee showed that further optimization of FFF process
parameters can result in parts with nearly isotropic mechanical properties. Over-extrusion
significantly decreased the void content of FFF-fabricated ABS specimens, resulting in
reduced anisotropy in tensile performance. The results of this study show that anisotropy
in the FFF process can be reduced by appropriate control of the thermomechanical
regime of this process. FFF process can be readily combined with direct ink writting and
subtractive processes to fabricate multi-functional components.

Potential Future Work

Core/shell multi-material filament may be investigated in more detail by using
more miscible combinations of polymers, potentially with using post-print processes.
Examining the impact of over-extrusion on mechanical performance of other
widely used filaments such as PLA and also on high-temperature polymers such as
PEEK will expand knowledge on the FFF process. The impact of over-extrusion
parameter on the fracture toughness of widely used filaments such as ABS and PLA
is another viable research area. The impact of over-extrusion on carbon fiberreinforced composites would also be a useful area for further study. The interface
performance of printing conductive inks on both rigid and flexible polymer substrates
is another area for further research.
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